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NOTES FOR 


I, GENERAL 


1. Submission of a paper to the Journal of 


the Physics and Chemistry of Solids will be taken 


to imply that it represents original research 


not previously published (except in the form of 


an abstract or preliminary report), that it 1s not 
being considered for publication elsewhere, and 
that if accepted it will not be published else- 
where in the same form, in any language, without 
f the editor-in-chief. It should deal 
in the field of the 


the consent 


with original research work 


physics and chemistry of solids. 
2. Papers should be submitted to the appro- 


priate regional editor (all English-language papers 


to be sent to the U.S. editor). 

3. Papers will be published as quickly as possi- 
ble after acceptance, and, subject to space being 
a\ ailable, should appear in the issue next follow ing, 
if this is due for publication not earlier than three 


months after the acceptance date. Short com- 


m inications under the heading ot ‘Letters to the 


Editors” will receive priority for publication, and 
will be published in the issue following receipt, 
il accepted not later than the beginning of the 


month preceding publication. 
t 
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4. Fifty free reprints of each paper are sup- 


plied. Additional copies can be obtained at a 


] 


reasonable cost if ordered when proots are 


returned. A reprint order form will accompany 


first proofs. 


Il, SCRIPT REQUIREMENTS 


should be concis¢ and 


1 a readily 


Papers submitted 
I 


written 1 understandable style. Scripts 
should be ty pe d and double spaced and submitted 
in duplicate to facilitate refereeing. 

It will be appreciated if authors clearly indicate 
used. An abstract, not 
exceeding should be 


the language of the paper. French and German 


special characters 
200 words, provided in 
papers should be submitted with English abstract 
and titles, but if this is not possible the abstract 
will be translated by the publishers. To conserve 
space, authors are requested to mark less important 
parts of the paper, such as details of experimental 
technique, methods, mathematical derivations, 
etc., for printing in small type. The technical 


CONTRIBUTORS 


description of methods should be given in detail 
only when such methods are new. Authors will 
receive proofs for correction when their papers are 
first set; page proofs will be sent only when the 
amount of alteration makes it advisable. 

2. Illustrations should not be included in the 
typescript of the paper, and legends should be 
typed on a separate sheet. Line drawings which 
require redrawing should include all relevant 
details and clear instructions for the draughtsman. 
If figures are already well drawn it may be possible 
to reproduce them direct from the originals, or 
from good photo-prints if these can be provided. 
It is not possible to reproduce from prints with 
weak lines. Illustrations for reproduction should 
normally be about twice the final size required. 
Photographs should only be included where they 
are essential. 

Tables and figures should be so constructed as 
to be intelligible without reference to the text. 
Every table and column should be provided with 
an explanatory heading. Units of measure must 
always be clearly indicated. ‘The same data should 
not be published in both tables and figures. The 
following standard symbols should be used on line 
drawings since they are easily available to the 
@+,%0BAAO.O.Y9 


4. References are indicated in the text by 


printers: ¢ 


superior numbers in parentheses, and the full 
reference should be given in a list at the end of 
the paper in the following form: 


Iron St. Inst. 158, 177 
The Extrusion of Met 
(1944). 


(1948). 


s Chapman and 


|; Bina BR. 
2. PEARSON ( 


Hall, London 


Abbreviations of journal titles should follow 
those given for Physics Abstracts. It is particularly 
requested that authors’ initials, and appropriate 
volume and page numbers, should be given in 
every case. 

Footnotes, as distinct from literature references 
should be indicated by the following symbols—*, f 
*, tr, commencing anew on each page; they should 
not be included in the numbered reference system. 

5. Due to the international character of the 
journal no rigid rules concerning notation and 
spelling will be observed, but each paper should 
be consistent within itself as to symbols and units. 
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IMPACT IONIZATION OF IMPURITIES IN GERMANIUM* 


N. SCLAR+ AND E. BURSTEIN 
United States Naval Research Laboratory, Washington, D.C. 


(Received 16 September 1956) 


Abstract—The low-temperature electrical breakdown effect in germanium is_ investigated 
experimentally as a function of the temperature, magnetic field, background radiation, type and 
concentration of impurities, geometry, surface effects and the orientation of the specimens. A 
study is also made of the time dependence. The effect is shown to involve charge carrier multiplica- 
tion which is attributed to the impact ionization of impurities by free charge carriers. A mean 
value theory is developed for the critical breakdown field which yields E, = 2c/p [(yI/2kT)—1]# 
where ¢ is the velocity of sound, is the mobility of the carriers, J is the ionization energy of the 
impurities and y is a factor which corrects for the fact that electrons with energy higher than 
the mean value initiate the breakdown. The data are shown to be in substantial agreement with 
this theory. The framework for the more rigorous transport theory is outlined and used to compute 
rise and decay times for the breakdown, which are consistent with the experimental observations. 


INTRODUCTION 
ACCORDING to semiconductor 
absence of radiation and for a nondegenerate 


theory, in_ the 


specimen, germanium should become an insulator 
as its temperature approaches absolute zero. By 
raising the temperature, we are able to excite free 
charge carriers bound to neutral impurity centers 
to the conduction band by thermal processes and 
thus to increase the conductivity. Another familiar 
way by which the concentration of the free charge 
carriers may be increased is by optical ionization, 
the requisite energy being supplied by irradiation 
with light of suitable wavelength. A third ioniza- 
tion process is the impact ionization of the neutral 
centers by the free charge carriers. The free charge 
carriers gain energy from the applied field. When 
a charge carrier’s energy reaches the ionization 
energy, it is able to ionize by the transfer of its 
kinetic energy, and charge multiplication can take 
place. Such a process would be expected to lead 
to a nonlinearity in a voltage vs. current character- 
istic, the nonlinearity occurring at the voltage 
corresponding to the critical field. 


* This work is based on the material presented in an 
invited paper to the A.P.S. on April 28, 1955. 

+ Part of a thesis submitted in partial fulfillment of 
the Ph.D. requirements at Syracuse University. 

Now at Dumont Labs. Inc., E. Paterson, N.J., U.S.A. 


A 


The experimental data to be presented are con- 
cerned with the reversible nondestructive break- 
down effect which occurs at relatively low fields at 
a low temperature in germanium. This effect has 
been studied as a function of geometry of speci- 
men, surface treatment, magnetic field, tempera- 
background concentration of 
impurities and time of application of the field. The 


ture, radiation, 
data are shown to be consistent with the picture 
that the “breakdown” is due to the impact ioniza- 
tion of neutral impurities. 


BACKGROUND 

Nonlinear current-voltage characteristics at low 
temperatures (4:2°K) were first reported for ger- 
manium by EsTERMANN ef al.) They found, in 
general, a decrease in resistance with applied 
voltage but the measurements were complicated 
by a dependence of resistance on the direction of 
results 
GERRITSEN™?) at 1-7°K. He found a nonlinearity 
setting in between 4 and 4:5 volts. In addition to 


current. Similar were obtained by 


a dependence of the resistance on current direction, 
he found a change of resistance due to cycling 
between the room and the low temperature. A 


theory? 


was advanced to explain these effects, 
apparently with some success, based on local 


fluctuation in the concentration of donors and 
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| presence of n-p barriers. | accompanied by an increase in free charge carriers 
ross-section of the rather than by an increase in mobility. KOENIG 
tend to avoid and GunTHER-Mour) have suggested the 

theory suggests analogy of the phenomenon with that of a gas dis- 
the barriers are charge, while DARNELL and FRiEpBERG“*) have 
ase in the noted the increase in breakdown field caused by 


andincrease the application of a magnetic field. 


a nonlinearity EXPERIMENTAL PROCEDURE 
ir an n-type Sample preparation 

re analyzed by Germanium samples obtained from the Bell Telephone 
Laboratories by the courtesy of J. A. BURTON and F. J 
MorIN were cut into rectangular bars and etched in a 
standard CP, etch. After successive rinsings in water, 
th oO { } { 1d - deat 

the action of the field. The theory methyl alcohol and distilled water and being dried on 


formulated a theory ascribing 


increase in mobility of the charge 


the assumption that at low fields filter paper, they were placed in a stainless steel elec- 


harge carriers is limited by troding apparatus (Fig. 1) which positioned under 
impurities. As the electric Phosphor 
of the bronze 
Rotational springs 
increased and the oss-section for sample 

The holder 


average 


which depends on l 2 , aecreases. 
thus increased until it becomes limited 


values by scattering ] the lattice 


breakdown t 4-2°K in 
TURNER et al., 
et al.) who 


the effect the impact ionization of the 
: - “T sten 
impurities. LAR, BURSTEIN and DaAvis- nae “ 
probes 
Ged theory | 1 } iid 
nea tne Daseda on tnis 
ye described in detail in the 
nonlinearity ob- 
probal lv due to the Fic. 1. The stainless-steel sample electroding jig which 
il id pted this Positions the sample. Fused contacts are made by putting 
alisSvU aul . . 
\ small quantities of soldering material between the sample 
n interesting , ' 
—_ . = and the spring-loaded tungsten probes. Heating and 
fect to make electroding take place in a hydrogen atmosphere 
0 


nance 


pring loading small quantities of electroding material 
entlv several investigators have reported to be fused to the specimen. The material used depended 
1 ee 1 “Ta on the character of the specimen. For p-type germanium 
breakdown effect which they have ; : 

; . this consisted of pure indium, while for n-type germa- 


Impact ionization Ol! nium an alloy of 90 per cent Sn, 9 per cent Pb, and 1 per 

y centers. YDER, Ross, and cent Sb was used. The apparatus was then placed in a 
eported h measurements at hydrogen atmosphere and heated to about 450°C. In 
Using an indirect analvsis, this way as many as eight fused contacts whose separa- 
, 4 tions were accurately known could be made simultane- 
at whicl ously to a given specimen. ‘The diameter of the contacts 
e on the electric could be maintained as small as 0-1 mm. Electrical leads 

rs at the constant were then soldered to the contacts using lactic acid as a 

10° cm/sec, independent of flux. Contacts prepared in this way were ohmic at all 
temperatures at which measurements were made, gave 


deduce that the discontinuity in 
’ no sign of the injection of minority carriers and stood 


ian eo 
linear and square root up well mechanically in spite of repeated temperature 


dependence h current density on field is cyclings. 


A 
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Sample holder and dewar assemblies 

Since the specimen had high resistance at low tem- 
peratures, it was desirable to incorporate a sample holder 
which provided electrical shielding, minimum capaci- 
tance, and high electrical resistance between leads. The 
temperature bath dictated the 
requirement of low heat leak. In addition it was desirable 
to be able to make measurements on several specimens 


use of the low also 


during one run. These requirements were satisfied in 
the design of the sample holder shown in Fig. 2. The 


nsulated copper 
cover plate “ 


Lucite sampie 
mounting board « 


£ 
H 
we 


“Sample 


Ly Helium gas 
Copper sample | ay -, thermometer 


holder 


“Electrical leads 


Sample holder 
housing 


Tube to gas thermometer 


Fic. 

mounted on 

cemented to opposite sides of the copper holder and 

are shielded from radiation by two copper cover plates 
which clip to both faces of the unit 


. The sample holder assembly, including a sample 


one of two lucite boards. These are 


low temperature portion consists of a hollow copper 
with through which insulated 


passed and soldered to the heads of 0-80 brass screws. 


box fins leads were 


These passed through thin lucite sheets which were 
cemented to the opposite faces of the copper box. 


IMPURITIES IN 


GERMANIUM 


Contacts from the samples, which were mounted on the 
lucite sheets, were secured to the screws by narrow 
nuts. The assembly was made light tight by in 
copper covers which clipped to the assembly 

way, 16 independent sample contacts were obtained 
The 16 sample leads, two thermocouple leads and a 
capillary from the interior of the box were passed up a 
Monel tube into a control box by 


contact 


thin-walled which 


external electrical could be made through 


shielded radio-frequency plugs. he temperature wa 


tNitrogen filling 
tube 


| Vacuum # 1 


+Liquid Nitrogen 
chamber 


rVacuum # 2 


Liquid Helium 
chamber 


Fic. 3. A duo-vacuum prepumped metal dewar utilizing 

separate insulating vacuums between the liquid helium 

and the liquid nitrogen and between the liquid nitrogen 

room The use of independent 

vacuums makes it unnecessary to precool the helium 
reservoir with liquid nitrogen. 


and temperatures. 
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nonitored by measuring the emf from a copper-con- 
stantan thermocouple from room temperature down to Window 


about 20°K. From 20°K down to the lowest attainable = 
ol Rotary knob 

: ; TU ey 
obtained by measuring the resistance of a calibrated Electrical leads : 

1] ’ ' Fan Stainless steel cylinder 
Allen Bradley carbon resistor. In a later development, : 

. = . Concentric glass 
the hollow copper box was filled with helium gas and I i} dewors 


gas thermometer with a strain gauge at room 1 Wi . 
1} i} Hil Liquid helium 


temperature of about 1:5°K, the temperature was 


re to measure and record the temperature of 
virtue of the resulting changes in its pressure Liquid nitrogen 
neasurements carried out in the presence of 
field, such as the study of the breakdown as 
of the magnetic field and the measurements 
voltages as a function of the applie d electric 
ill-metal prepumped dewar was used which 
| the sample holder and fitted into a 
ole gap. The dewar (Fig. 3) used two inde- 
vacuum systems. The space between the 
chamber and the exterior wall was pumped 
the best vacuum obtainable, while the space 
he nitrogen and helium chambers was left 


residual pressure of a few mm of Hg. When 


nitrogen was admitted to its reservoir, it rapidly 
helium chamber, the flow of heat passing 
ith the aid of the gas between the chambers 


nner chamber cooled, the gas condensed until, 


admission of liquid helium to its reservoir, a 

insulating vacuum was attained. With a_ Fic. 4. The experimental arrangement for measuring 
be easily the effects of background radiation. The rotary knob 
1 


about 1 liter, helium could 


u 
yr over six hours. The magnet used was an interposes_ stainless-steel screens of different mesh 


solenoid which attained a value of 5000 gauss between the sample and the room temperature back- 
12-inch air gap. Magnetic fields were measured ground radiation. 


gay 

ting-coil pickup 

neasurements carried out as a function of the ; 
obtaining a range in temperature prov ed especially con- 


background radiation, another dewar 
venient when it was combined with the pulse method 


and sample mounting were necessary. ‘Two 
‘ ; , : of obtaining characteristics, because it was no longer 
glass dewars (Fig. +) were used. In the inner, — 
necessary to wait for temperature equilibrium. The 
ar, a stainless steel tube was suspended ‘ : 
characteristics as oscilloscope tracings were photo- 
graphed while the temperature was allowed to vary, the 


temperature corresponding to each photograph being 


specimen was mounted behind a brass 
aining several equal <¢ : Stainless steel 
lifferent mesh were inserted in these apertures 

; obtained by noting the resistance of the carbon resistor 
be rotated into position above the : 
; which was in thermal contact with the specimen at the 
located at the room temperature 
. ‘ time the picture was taken 
By this means the intensity of radiation 
could be varied over three decades 


ELECTRICAL MEASUREMENT TECHNIQUES 


Compensating voltage measurement techniques were 


emperature end of the stainless steel tube 
1 KRS-5 window which is transparent 
jiation. A blackened brass plate at room employed to obtain the d.c. characteristic curves. The 
mperature covered the KRS-5 window and as equipment is shown in Fig. 5a. The measurements were 


the source of blackbody radiation at room complicated by the exceedingly high resistance of some 

of the specimens before breakdown. This necessitated 
f the breakdown characteristic the purging of the experimental apparatus of leakage 
temperature, the sample holder was __ resistance and the use of high-input-impedance measur- 
i a the level of the liquid helium, the height ing instruments. The vibrating reed electrometer 
ng varied balance the heat leak from the room (Model 30; Applied Physics Corp.) with an input 


eIng 
impedance of 10'* ohms and with sensitivity controlled 


temperatur surroundings against the refrigerating 
nfluence of the cold gases above the liquid level. The 
vas continuously monitored by the carbon a _ null detector. The desired Hall or iR drop voltages 


by suitable shunting resistances proved satisfactory as 


temperature 


resistor. After a wait to establish equilibrium, a stable were compensated with a variable low-impedance 
temperature could be maintained for periods long enough voltage supply which was then measured using a low- 


1e desired characteristic. This method for impedance potentiometer and when necessary a voltage 
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Vibrating reed 
electrometer 
































Potentiometer 





Fic. 5. The schematic electrical measuring setup, 
illustrating (a) the compensating voltage technique used 
for obtaining the d.c. curves and (b) the pulse circuitry 


used to obtain point by point pulse data. 











IMPURITIES 


IN GERMANIUM 


box. Extensive shielding precautions were necessary in 
order to prevent erroneous readings due to electrical 
pickup. The design of the sample holder was such that 
individual leads were effectively shielded from each 
other and from external sources of pickup. In addition 
it was necessary to shield all external leads and to put 
the measuring instruments into grounded metal boxes 

The pulse measurements were obtained using a low- 
impedance pulser (Model 212A; Hewlett Packard Co.) 
The voltage and current values were obtained from 
terminals 1 and 3 and 1 and 2, respectively, as shown 
in Fig. 5b. The series resistance used was kept as low 
as possible, compatible with the CRO sensitivity to 
reduce RC effects. The appropriate voltages were read 
on a 513D Tektronix cathode ray oscilloscope. By using 
the shaping circuit shown in Fig. 6, the rectangular 
pulses were converted to sawtooth pulses which were 
then applied to the specimen. Pulsed characteristics 
were then obtained as scope tracings“) by putting the 
total pulsed voltage on the vertical plates and the series 
resistance potential drop on the horizontal plates of the 
oscilloscope. 


EXPERIMENTAL RESULTS 


General characteristics of breakdown effect 


Fig. 7 shows some experimental curves of the 
V-1 characteristics at 4-2°K of a group of specimens 
cut from the same boule but with different lengths 
and different cross-sections. The specimens were 





‘SK 














Pulse amplitude 




















- oO 
ie Capacitance in pyuf 


Fic. 6. The shaping circuit used to convert rectangular pulses to saw-tooth pulses. These are 


Resistance in ohms 





250 K 
Bias 


used to obtain 


pulsed characteristics as traces on an oscilloscope. 
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Uy | Dimensions 

/ 58-1 (43x2-3x0-9)mm 

/ 158-2 (73x2-7 x0-8) mm 
158-4 (8-0x1-4x1-0) mm 
158-5 (2:°8x2-6x0-9) mm 6-4Viem | 


mw? 0 0’ 0° © 0% 0 
Current A 


“SNM 


-~INO 


<<c<c eH 


4(not shown) 


@ 





General characteristics of the breakdown effect 
roup of samples cut from the same boule. The 
yn the plot indicate relative directions of the 


current, and the squares indicate measure- 


ments using pulses 


n-type with a concentration of arsenic impurities 


of about 10™/cm*, The arrows on the experimental 


indicate the relative directions of the 


points 


measured currents while the squares refer to points 


obtained using pulses. The following features of 


these curves may be noted: 
a. The forward and reverse characteristics lie 


on the same curve. 
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b. The d.c. and pulse measurements lie on the 
same curve. 
Different values of breakdown voltages are 
obtained but the electric field at breakdown 
is the same. 
The breakdown 
change of cross-sectional area of the speci- 


field is not sensitive to 


mens. 


The above observations verify that the break- 
down effect is an electric field effect. It rules out 
the possibility that the effect is due to p—m junctions 
or to injection phenomena at the electrodes, since 
it may be shown that any “breakdown effects” due 
to junctions or injection processes would be 
characterized by a dependence on the applied 
voltage rather than on the electric field. The pulse 
measurements verify that the effect is not due to 
thermal instability since such thermal effects would 
depend on the power dissipated in the specimen 
which is markedly reduced by the use of pulses. 
Other observations in which the cross-sectional 
area was varied by a factor of ten from 10~* to 
10-1 cm? without change in breakdown field have 
confirmed the lack of dependence on cross- 
sectional area. Thus it would appear, in contrast 


Table 1. Electrical properties of the germanium specimens doped with impurities from the III and V 
columns of the periodic table 


Impurity 


Sb 2: 0-0767 


Sb : 0-0810 


1-12 
U 264 
0-098 


Breakdown 

field (E,) 

(volt/cm) 
4:2°K 


Hall Coefficient (R) 


(cm?/coul) 


298°K 


NO oe ae a | 


w 


mwuUIiN Nd +S & 
Ww 
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to the case for gaseous discharges, that diffusion 
of the free charge carriers to the surface and 
recombination there is not important to the break- 
down process. The samples studied, which were 
doped with impurities from the third or fifth 
columns of the periodic, table are given in Table 1, 
together with their measured properties. From the 
curves of Fig. 7 and others, it is noted that the 
detailed character of the breakdown curves depends 
on the concentration of impurities as well as upon 
such parameters as radiation on the sample or 
change in ambient temperature. ‘The curves are 
characterized by an ohmic behavior at very low 
electric fields, followed by a region where the 
current increases faster than that corresponding to 
Ohm’s Law, and finally the “breakdown’”’ effect is 
reached where the current increases several decades 
for extremely small incremental changes in voltage. 

The details of the breakdown curve, especially 
the prebreakdown character can be appreciably 
affected by the contacts to the sample and by the 
preparation of the surface. When the surface is 
sandblasted, the prebreakdown conductivity is 
increased but no change is found in the breakdown 
field. Fig. 8 shows the effect of making an indium 
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lrg. 8. Characteristics obtained with a fused p-—n 
junction at 295°K and 4:2°K. No electrical breakdown 





is found in the reverse characteristic for the sample at 


4-2°K. 


soldered contact to an n-type germanium speci- 
men. The result gives a p-n junction and it is seen 
that the effect is to produce a marked asymmetry 
in the characteristics. In particular, at helium 
temperature there is no apparent breakdown in the 
reverse direction for voltages up to approximately 
two decades higher than the voltage at which 
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breakdown occurs in the forward direction. Fig. 9 
shows an anomaly in the breakdown characteristic 
which is believed to be due to a space charge 
effect at the electrode. A similar effect has been 
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Fic. 9. Anomalous breakdown characteristic found with 
“‘aged’’ electrical contacts. It is believed the anomaly is 


“| - 
10° 


due to space charge effects at the electrodes. 


reported by Koenic and GUNTHER-MOouHR“*) who 
assumed it to be an intrinsic characteristic of the 
breakdown, analogous to similar characteristics in 
gaseous discharges. More recently, these authors“? 
have reported breakdown curves without such 
effects. The anomaly is apparently enhanced by 
the aging of the contact and may thus have some 
connection with the formation of traps in the 
vicinity of the electrodes by oxidation. On this 
model, upon the application of voltage to the 
specimen, a small number of the free charge 
carriers are trapped in the vicinity of the electrode, 
setting up a space charge that opposes the applied 
voltage. This requires that a higher voltage be 
applied to the specimen to set up the critical 
breakdown field. Once this field has been reached 
and the charge carrier concentration has increased, 
the effect of the trapped carriers becomes unim- 
portant and the voltage drops to that correspond- 
ing to the normal breakdown characteristic. When 
this effect is found, it is accompanied by hysteresis, 
which manifests itself by a current in the reverse 
direction when the applied voltage is removed. 
The time constant for the decay of this current, 
which is presumably related to the time the free 
charge carriers remain bound in these traps, varies 
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in different samples from 1 to 10* seconds. The 
existence of these effects makes the data in the 
prebreakdown region uncertain. By using freshly 
etched and carefully electroded samples, it is 
possible to avoid these difficulties. In addition, the 
above “space charge”’ effects are not observed when 


separate current and voltage probes are used. 


MECHANISM FOR BREAKDOWN 
Since experimentally it is possible to rule out 
surface the can be 


regarded as a bulk phenomenon involving either 


phenomena, breakdown 
an increase in the concentration of the free charge 
carriers or an increase in the mobility of the 
charge carriers. From Hall effect measurements, it 
can be readily demonstrated that the breakdown 
mechanism involves predominantly an increase in 
ree charge concentration. In Fig. 10 the increase 
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The Hall effect in breakdown. The concentra- 


Fic. 10 

tion of free carriers and the measured current show the 

same dependence on applied voltage. This indicates that 

the breakdown is accompanied by a change in the con- 
centration of free carriers 


of concentration of free charge carriers at the 
critical breakdown field is verified by a measure- 
ment of the dependence of the quantity 1/Rg, 
where R is the Hall coefficient and g the charge 
of the carrier, on the applied voltage. Included in 
the plot is the measured current. On the basis of 
a simple energy-band interpretation, the con- 


centration of free charge carriers is given by 
1 


? (1) 
Rq 
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where r is a constant which depends on the mech- 
anism for the scattering of the carriers and is of 
the order of 1. From the plot we see that the 
concentration of free charge carriers increases in 
the same way as the current when the sample 
breaks down. This is obviously the most direct 
evidence for the increase of charge carrier con- 
centration at breakdown. In Figs. 11 and 12 the 
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Fic. 11. The mobility in breakdown. After the sample 
breaks down, the mobility is independent of applied 
voltage. 
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Fic. 12. The mobility in breakdown. After the sample 
breaks down, the mobility is independent of the con- 
centration of free carriers and the concentration of ionized 
centers up to 10'*/cm’, 
ratio R/p is plotted as a function of the applied 
voltage and concentration of free charge carriers, 
respectively. The quantity R/p = 7p where p is 
the resistivity and pu is the mobility. It is seen that 
the mobility is reduced by‘a factor of approxi- 
mately two as the sample reaches the breakdown 
field and is then substantially constant. Thus the 
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breakdown is characterized by a mobility which is 
independent of the concentration of the free 
charge carriers in the range of 10° to 10!2/cm?. 


MEAN VALUE BREAKDOWN THEORY 

Having verified that, as required by the impact 
ionization hypothesis, the ‘““‘breakdown”’ is charac- 
terized by a large increase in the number of free 
charge carriers, it is convenient to give here a 
simplified approximate theoretical treatment which 
will be useful for the interpretation of the remain- 
ing experimental data. The theory is based on the 
average behavior of the charge carriers under the 
action of the applied field and the scattering 
influences. A more detailed treatment based on the 
calculation of a distribution function from the 
solution of the Boltzmann Transport Equation is 
in preparation. 

The mean value theory proceeds as follows: 
Under the influence of the electric field, the 
charge carrier is accelerated until it makes a 
collision. After the collision, the direction of 
motion is reoriented randomly and, due to the 
relatively small mass of the charge carrier compared 
with the mass associated with the lattice or im- 
purities, most of the energy gained from the field 
is retained. The kinetic energy of the charge 
carrier is thus built up over a number of mean 
free paths until it is sufficient to ionize a neutral 
impurity by impact. 

Letting the rate of gain of energy from the field 
be A, we have 

A = qEvp = quE’ (2) 
where vp is the drift velocity imparted by the 
electric field E. 

In its motion through the crystal, the charge 
carrier may be scattered by impurities, neutral and 
ionized, defects, other charge carriers, as well as 
the lattice vibrations. For fields less than the 
critical field, these collisions will be essentially 
elastic* with the exception of the lattice which will 
be nearly so. The charge carrier may gain or lose 
energy in its interaction with the lattice vibrations. 


* Since impurities are fixed in the lattice, inelastic 


collisions not involving excitation or ionization of 
carriers can occur only if the change in energy and 
momentum can be absorbed or donated by the lattice. 
These collisions are therefore lumped with the effects 


of the lattice. 
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At low temperatures, it will on the average lose 
energy to excite accoustical phonons of the lattice 
vibrations. We call the rate at which energy is lost 
to the lattice BC® 


J m*?y* 4kT 

7 M [ oe 
Here 1/7 is the rate of collision, m**v?/M is the 
average energy lost per collision with m* the 
effective mass of the free charge carrier, v is the 
speed of the carrier and M a mass associated with 
the lattice vibrations. The quantity 4k7/m*v° 
represents a contribution to the energy which the 
electrons gain by interaction with the lattice. An 
earlier derivation‘® neglects this contribution. 

At equilibrium, A = B, but at the same time 
the average energy of the charge carrier is increased 
over the value it had in the absence of a field. If 
the breakdown were actually due to the behavior 
of the average charge carrier, the condition for 
breakdown would be that for which the average 
kinetic energy of the charge carrier is equal to the 
ionization energy, J, of the neutral impurity 
centers. Actually, however, the onset of break- 
down is due to those charge carriers on the high 
energy side of the carrier energy distribution 
rather than to those having the average value. We 
allow for this by taking the condition for break- 
down to be 


A=B; «= jeo' =yi, (4) 
where y is a fractional quantity less than one 
which allows for the fact that the breakdown is 
expected when the average energy is somewhat less 
than the impurity ionization energy. Making use 
of « = (q/m*)r we obtain an expression for the 
critical field #., for the onset of breakdown: 


2kT\ 7? 

yl )] 
in which the only dependence on m* is in the 
implicit dependence of y on m*. Davypov“”? and 
SHOCKLEY"®) have shown that the mass to be 
associated with lattice vibrations is given by 
M = kT/c? where c is the longitudinal velocity of 
sound. Shockley discusses the validity of using a 
mass to describe collisions with the lattice vibra- 
tions. The conditions that must be satisfied are 
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M /m* > 1. 


this treatment to be 


1 


14 for electrons 
8 for holes 


l and | 2 } 


breakdown when we wish 
lid, condition 1) is 


in germanium. (6) 


is the ratio of the effective mass of the free 


carrier to the rest mass of the electron. We 


, 
nave an 


} 
1ues ot 4 


ticipated the favorable result and used the 
deduced from the theory. Condition (2) 


at 4 2 K becomes 
VU kT 
m* c*mB 


18 for electrons ~ 

ingermanium. (7) 
9 for holes 

[he theory is thus within its range of validity at 

4-2°K for the breakdown condition. Inserting the 


expression for M into eq. (5), we obtain 


yl 


/ 


uw L2kT 


—l]. (d) 


\pplying this theory to the experimental data 
vields a value of 0-20 for the y of electrons and a 
value of 0-14 for the y 


more rigorous theory to predict these values of y. 


of holes. It remains for a 


Impact ionization of impurity centers may occur 
even in the absence of any applied field, since there 
are always some carriers with sufficient energy to 
ionize by impact. This is not identified as a break- 
down effect, but is rather a part of the thermal 
onization process, competing with phonon and 
optical ionization processes at thermal equili- 
Breakdown involves an increase in the 
have 


brium.“§ 
concentration of free charge carriers that 
gained the critical energy from an applied electric 
field. It should also be clear that breakdown is not 
necessarily the result of a charge carrier gaining 
the energy for breakdown over one mean free 
path 
their energy over a number of mean free paths and 


on the contrary the charge carriers build up 


ionization takes place throughout the volume of the 
specimen when the charge carriers finally amass 
sufficient energy. 
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EXPERIMENTAL DEPENDENCIES OF 
BREAKDOWN FIELD 

Mobility 

The mean value theory predicts an inverse 
dependence of the critical field for breakdown on 
the mobility of the free charge carriers. This is 
expected from any theory for breakdown based on 
impact ionization because the lower the mobility, 
the higher the field required to give the charge 
carrier the necessary energy to produce ionization. 
Fig. 13 shows some plotted results of the mobility 
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Fic. 13. The dependence of the breakdown field on the 

mobility. The slope of —1 on the log-log plot indicates 

the inverse dependence of the breakdown field on the 

mobility. Separate curves are obtained for m and p 
germanium 


versus breakdown field for various n- and p-type 
germanium specimens. The mobility was varied 
by controlling the concentration of impurities in 
the germanium. It is seen that there are two 
one for the m- and one for the 
1 on the log- 


separate curves; 
p-type specimens. The slope of 
log plot verifies the inverse dependence of the 
breakdown field on the mobility. The fact that such 
a dependence exists implies that there is a critical 
drift velocity for breakdown which is 1-4, x 10° 
cm/sec and 1-0, 10° cm/sec for electrons and 
holes respectively. It is to be noted that this drift 
velocity is less than the critical drift velocity 
required for the hot-electron effect, so that the 
field dependent mobility complication is avoided. 
We can use these values and the values of y to 
estimate A, the mean free path of the charge 
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mean free paths needed to provide the carrier with 

the requisite energy for impact ionization. We may 

write the general expression for the speed of the 

carrier in terms of the mean free path and the number of mean free paths required for the 

relaxation time for the scattering of the carrier. average carrier to acquire the impact energy is 
given by 


(9) I v I 3 
TT - ‘i= = ~- ( ) x ( | ] ) 
gE.A 2yvp 2m*y UD 


As we approach the breakdown condition EE, 
and the product of uF, is given by the critical which is independent of the breakdown field. 
drift velocities vp noted above. At breakdown also These quantities are tabulated in Table 2 together 
vv given by eq. (4). Thus with the appropriate values of f*, y! 


P . . 1 
carriers at breakdown, and ++, the number of , (=) m*v p 
d= —— (10) 


gE, 


m* 


which depends on the breakdown field. The 


> Up, and E.,. 
Table 2. Calculated parameters of the breakdown 


E.. (v/cm) vp (cm/sec) y> Correction Bi Square Root A (cm) ++, Number of 
Sample Breakdown Critical Factor to Mean|_ of Effective Mean Free Path| m.f.p. Needed 
Field (4:2°K) | Drift Velocity | Value Theory Mass Ratio at Breakdown |for Breakdown 


194-1 (p) 6°: 1:0, x 10° 0-37 0-504 1:0 x 10-4 
241-B (n) 5-5 1:4, x 10° 0-45 0-35» 1-4 «10-4 


4 See reference 23. 
® See reference 10. 


CONCENTRATION OF IMPURITIES concentration of the dominant impurity while N, 
is the concentration of the compensating impurity. 
The values for the concentration of these impurities 
were obtained by Hall constant measurements in 


Fig. 14 shows a plot of the observed breakdown 
field versus N—WN.,, the concentration of group III 
and V neutral impurities in germanium. N is the 

the temperature range where the saturation of 

——— carriers is realized. At low temperatures, these 
Impurities in P type Ge correspond to the concentration of neutral im- 
* Impurities in N type Ge | purities. It is difficult to draw a curve through the 
points because of the scatter in the data, especially 

f | for the purest specimens. Nevertheless, it is clear 


x 





a: 


voltsm 


that there is an approximate linear dependence of 
the breakdown field on impurity content in the 
range of impurity concentration from about 
| 2x 10'* to about 10%/cm*. At higher concentra- 


} 
od 


breakdown field 


tions of impurities, the material becomes degenerate 
at this temperature (7 =4-2°K) with J=0 and no 
breakdown is observed. (See sample No. 240 with 
| | N—N,~ 2 10!7/cm? of Table 4. This also serves 


106 107 as another confirmation of the correctness of the 


E 





impact ionization hypothesis. For impurity con- 

: tie ; roe pve centrations less than 10!°/cm?, the curve begins to 

‘IG ° 1e agepenadence oO the Dreakdown ia on 2 ° e - 

the concentration of neutral impurities. A linear depend- flatten, deviating from linear dependence on 

ence is indicated for concentrations greater than about 
1015/cm*. 


N-Ne cm - 


impurity content, and appears to become inde- 
dendent of impurity content at about 10'/cm*. 
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Since the breakdown field is not expected to have 
an intrinsic dependence on the concentration of 
impurities,* the inference to be drawn from these 
data is that the observed dependence comes from 
the dependence of the mobility on concentration. 
This is consistent with the demonstrated depend- 
ence of the breakdown field on 1/4 and with the 
fact that the reciprocal of the mobility limited by 
neutral impurity scattering 1/4 is proportional to 
V—N.. The scatter in the data presumably arises 
from the fact that other mechanisms for affecting 
the mobility are also present and not in the same 
amounts for the different specimens. ‘The break- 
down effect may in this way be used to measure 
the mobility and to check the theoretical calcula- 
tions for neutral impurity scattering in this range. 

The scattering by neutral impurities has been 
calculated by Ercinsoy"* and by Scrar.©° 
Although the calculations are based on different 
models and methods, they give results for the 
mobility that differ by only a few per cent. For 
7 4-2°K, ERGInsoy’s result in practical units 
with D the dielectric constant is 


l/un = D(N—N,)/1-43 10776, 
while SCLAR gives 


1 


D(IN—N 1-17 < 10228 


0-24 
: — + 0-928 |. 


According to what we have seen in Fig. 13, we 


LN 


(13) 


would expect two curves for the dependence of 
breakdown on impurity concentration; one for 
electrons and one for holes. Unfortunately, our 
resolution is only adequate to draw one curve 
through the combined data. In the linear region, 
10-1© volt cm? 

critical drift 
velocity for Up—1-2 x 106 
cm/sec, we can fit ERGINSOY’s equation to the data 


from the measured slope of 6-2 >» 
and from an average value of the 
holes and electrons 

we pick B = 0-21 and Scrar’s equation if we 
pick f While § = 0-21 


between the values obtained for holes and electrons 


0-27. actually lies 


* The dependence of ionization energy on impurity 


concentration is small except very near the degenerate 


transition 
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by cyclotron resonance (8, = 0-25/for holes®! 
and £, = 0-12 for electrons®’), we do not believe 
the data are accurate enough actually to decide 
between these two values of 8. We can note, 
however, that both theories are in substantial 
agreement with these data. 

We next see if it is possible to identify the low 
impurity concentration region with other known 
mechanisms for scattering, since E, seems to be 
independent of the neutral impurity content. The 
value of the mobility is about 1-3 x 10° cm?/volt 
sec. Possibilities other than neutral impurities for 
controlling the mobility are scattering by lattice 
vibrations and scattering by ionized impurities. 
We consider first the scattering by lattice vibra- 
tions. Both theory and experiment are unclear as 
to the contribution expected from this type of 
scattering at low temperatures. At higher tempera- 
tures, simple theoretical treatments indicate a 
mobility dependénce on T~1°. Deviations are 
noted experimentally for the scattering by electrons 
and by holes, the deviation for holes being greater. 
We consider the case for electrons to obtain an 
order of magnitude estimate. Experimentally in 
the range from 100 to 300°K. Morin and Marta??? 
have shown that the lattice scattering mobility in 
germanium can be approximated by 


10° T 


py = 4°90 1-66. (14) 
They suggest that this may be due to a contribu- 


tion from optical modes in addition to the 
accoustal modes which are expected to yield the 
T-)° contribution. Using a theoretical expression 
with an adjustable constant for the contribution 
of the optical modes, they fit the constants for 
accoustical and optical mode contributions by 


comparing with the empirical formula and obtain 


4 


place ae 
50 


topt = 7°8 X 104 T-%9{ exp——1 (15) 
} I T 


At liquid helium temperature, only the accoustal 
modes would give contributions which would lead 
to a mobility of 


2-7 x 10° cm? volt sec. (16) 


up(4-2°K) 


This represents a mobility of about a factor of 
ten too high to obtain a fit with the data. We 
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conclude, therefore, that lattice scattering does 
not limit the mobility of our samples. 

We now see if it is possible to fit the data with 
the contribution expected from ionized impurity 
scattering. The theory for this effect has been 
treated by CoNWELL and Weisskopr, Brooks and 
HERRING®®) and by Scrar®4) using different 
approximations. The Brooks and HERRING formu- 
lation, because of the use of the Born approxima- 
tion, is restricted to higher temperatures and is 
presumably not applicable here. The CoNwELL- 
WEISSKOPF and the Sciar theories* are based on 
approximations requiring respectively that ka > 1 
and ka < 1, where k is the wave number of the 
charge carrier and a is effectively the range for 
scattering from the ionized impurity. The quan- 
tity k, the average value of k, decreases with 
decreasing temperature while a decreases with 
increasing impurity concentrations. For the 
possible ionized impurity concentrations involved 
and for reasonable choices of a, it happens that 
ha ~ 1. Thus neither theory is expected to be 
very reliable. (Numerical calculations by ScLaR 
and KAPLAN to cover this range are in progress.) 
As an approximation, however, it is possible, for 
reasonable choices of N,, to obtain from both 
theories the mobility required to explain the flat 
portion of the #, versus N—N, curve. This 
region of the curve may thus reasonably be 
attributed to the limitation of mobility by ionized 
impurity scattering. The scatter in the data at 
these concentrations is presumably due to the 
different values of NV, found in the different speci- 
mens. This is not surprising considering the fact 
that these samples come from different sources. 
lonized impurity scattering apparently accounts 
for the fact that other investigators"*) have found 
lower breakdown fields for their “‘pure’’ specimens. 
Our analysis indicates that, if ionized impurity 
scattering can be completely avoided, we may find 
breakdown fields smaller by a factor of up to ten. 


ri 


TEMPERATURE EFFECTS 
The effect on the breakdown characteristic of 
changing the ambient temperature is illustrated in 
Fig. 15. These data are qualitatively similar to 
those of ref. (11). In addition to these curves, which 


* For a detailed comparison of these theories, see 


ref. (24). 
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Fic. 15. The effect of temperature on breakdown. A 
series of characteristic curves taken at different tempera- 
tures using point by point techniques. 


were obtained by plotting voltage versus current 
data obtained point by point at constant tempera- 
tures in a constant temperature bath, further 
measurements were made with the pulse method 
previously described. These data are shown in 
Fig. 16. The temperature characteristic measure- 
ments extend from about 2°K to 50°K. Above 
4°K, the effect of raising the temperature is to 
increase the number of thermally ionized charge 
carriers. This results in an increased ohmic con- 
ductivity of the specimen prior to breakdown so 
that the breakdown effect represents a smaller 
change in the conductivity than that found at 
lower temperatures. At a temperature of approxi- 
mately 30°K, all evidence for the breakdown effect 
disappears. This is in itself a confirmation of the 
impact ionization hypothesis since at this tempera- 
ture substantially all of the centers have been 
ionized thermally. The electric field can therefore 
no longer influence the conductivity by increasing 
the concentration of free charge carriers by 
impact ionization of the impurities. 

To elucidate the effect of temperature on break- 
down, the function Ac/AE versus E is plotted for 
several temperatures (Fig. 17) using the data of 
Figs. 15 and 16. This type of plot shows directly 
the effect of the electric field on the free charge 
carrier concentration since we may write 

Ac r Apu An An 17 
pees ~ a 7 
AE * 1 ‘NE dl “a 


An Ohm’s law dependence would yield zero for 
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Fic. 17. The analysis of the dependence of breakdown 
on temperature from the data of Figs. 15 and 16. For 
Ohm’s Law dependence Ac/AE = 0 independent of E. 


the ordinate, independent of field on such a plot. 
The analysis of the experimental temperature 


dependence of breakdown from the curves of 
Fig. 17 is clearly dependent on the criteria selected 
If we identify 


for defining the breakdown field. 
breakdown (Choice 1) as that field needed to cause 
the maximum change of conductivity with field, 
then it is seen that the breakdown field is rather 
insensitive to temperature, the peak change in 
conductivity with field occurring at approximately 
the same field. On the other hand, it may be noted 
that the width of the curves increases with tem- 
perature, so that the start of the breakdown occurs 
temperatures. 


fields at the higher 


identify 


at lower 
Accordingly, if we 


(Choice 2) as that field at which we get deviation 


the breakdown field 


from Ohm’s law, then the above data indicate that 
the breakdown field is a monotonically decreasing 
function of the temperature. It is easy to under- 
stand this result since the spread in energy of the 
free charge carriers is a function of the tempera- 
ture. At the higher temperatures, more of the 
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charge carriers are at higher energies, so that it 
is possible for these charge carriers to obtain the 
ionization energy needed for the impact ionization 
of the impurities at lower electric fields. 

It is interesting to compare the effect of tem- 
perature with that of exposing the specimen to 
Fig. 20 shows the effect of 
breakdown 


ionizing radiation. 
room background radiation on the 
characteristics. This radiation peaks in wavelength 
at 10 microns for 300K and is thus energetic 
enough to cause appreciable impurity photo- 
conductivity. In addition, there is about a 5 per 
cent lowering of the field for breakdown which 
may be attributed to the altering of the average 
energy of the carrier by the radiation. Tempera- 
ture (Choice 2) therefore 
qualitatively similar in the effect of raising the 


and radiation are 
energy of the free charge carriers and thus causing 
breakdown at lower fields. 

It is possible to use other empirical criteria for 
defining the breakdown field. DARNELL and 
FRIEDBERG“!*) chose that field at which the electric 
field is essentially constant with current,. while 
Ryper, Ross, and KLEINMAN!) extrapolated the 
nonlinear field region to intersect with the exten- 
sion of the ohmic region. Fortunately, at low 
temperatures, when the ohmic contribution to the 
conductivity is small compared with the break- 
down effect, the definition for breakdown is not 
critical since all the definitions discussed give 
essentially the same breakdown field. At higher 
temperatures, none of the choices is entirely satis- 
factory from the point of view of quickly ascertain- 
ing the breakdown field, but (Choice 2) has the 
advantage that it may be easier to compare with 
rigorous theoretical treatments when these become 
available. 

We compare the temperature observations noted 
with the expression for the breakdown field (eq. 8) 
derived on the basis of mean value concepts and 
the eq. (4) for With increasing temperature 
there is an increasing spread in the energies of the 
carriers so that for a given mean value energy 
there will be a greater number of carriers having 
the critical breakdown energy. We may therefore 
expect y to decrease with increasing temperature. 
Thus the temperature dependence of y will 
reinforce the explicit temperature dependence 
already given. We note that the mobility may also 
have a temperature dependence. For the purer 
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samples to which our measurements pertain, the 
mobility is expected to decrease with increase in 
temperature. The effects of temperature on yz and 
y tend to compensate one another so that the 
temperature dependence for breakdown will 
depend on the magnitudes of the opposing effects. 
This indicates that the temperature dependence 
may vary somewhat from specimen to specimen. 
For the specimens we have investigated, the data 
are consistent with the expected variation of the 
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mobility?*) and with the analysis of the data based 
on choice 2 for the definition of the breakdown 


field. 


EFFECT OF IMPURITIES FROM OTHER THAN 
THE III, V PERIODIC COLUMNS 


Electrical breakdown has been observed in 


germanium doped with zinc, nickel, and copper at 
liquid helium temperature. The results are shown 
in Table 3. Although higher values for breakdown 


Table 3. Electrical properties of germanium specimens doped with impurities of nickel, zinc and copper 


Resistivity (p) 


Sample Impurity (ohm cm) 
No. 

298°K 78°K 4-2°K 
1-9 x 10! 1010 
0-13 “4 
0-41 3 
0-40 7 


49-4 
0:28 
1:95 
0:96 


199-1 
130-A 
153-1 
171-1 


Ni (n) 
Zn (p) 
Cu (p) 
Cu (p) 


are expected for these impurities than for group ITI 
and group V impurities on the basis of the known 
higher ionization energies associated with these 
impurities, the values for breakdown noted are 
primarily due to the lower mobilities of the charge 
carriers in the specimens. It was not possible to 
obtain quantitative confirmation of the lower 
mobilities because of the exceedingly high resis- 
tivities of these materials which complicated the 
measurements at 4°K. In the case of nickel, the 
breakdown may be associated with shallower 
energy levels than those previously reported for 
the nickel impurity. 


ORIENTATION EFFECTS 

Since there is a known anisotropy of the effective 
masses in germanium, it was desirable to investi- 
gate the influence of crystal orientation on the 
breakdown field. Preliminary measurements were 
therefore carried out on two samples oriented 
respectively along the [110] and [100] directions 
which were cut from the same slice of material. (See 
241A and 241B of Table 1.) Although no difference 
could be detected in their electrical properties at 
room temperature, at 4:2°K the breakdown field 
required for the sample oriented in the [110] 


10° 
10° 
10° 


Breakdown 

Field (£,) 

(volt/cm) 
4-2°K 


Hall Coefficient (R) 


(cm?/coul) 
78°K 


74 
420 
650 

1600 


direction was 30 per cent lower than for the one 
oriented in the [100] direction. This experimental 
result is in substantial agreement with a theoretical 
analysis by GoLp,® based on the structure of the 
conduction band for germanium which predicts an 
anisotropy of just this amount. According to 
GoLpD, the maximum anisotropy is for the two 
directions given. The tabulated values for break- 
down for those specimens for which orientation 
data were not available may accordingly be un- 
certain by up to this amount. 


MAGNETIC FIELD DEPENDENCE 

In Fig. 18 we show the remarkable effect that 
relatively low magnetic fields have on the break- 
down. It is seen that in the presence of a magnetic 
field a higher electric field is required to cause 
In addition, the the 
curve in the prebreakdown region is altered. 
Although the character is reminiscent of the 


breakdown. character of 


behavior we have previously ascribed to space 
charge effects at the electrodes, the réle of the 
magnetic field in causing such an effect is obscure. 
In the presence of a magnetic field we may expect 
the ionization energy of the impurity to show a 
Zeeman-type splitting which for a constant band 
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18. The effect of transverse magnetic fields on 


breakdown. In addition to higher breakdown fields in 


the presence of magnetic fields, the prebreakdown curve 
is also influenced 


would result in a change in ionization 


I(H) = 1,+-8H; (18) 


2sgh/4am* | 


where 5s 


electron or hole in the ground state. 


1/2 is the spin associated with the 
The bottom 
of the band edge, however, also shifts by the same 
effect. 
10° gauss 


amount due to the Landau diamagnetic 
For magnetic fields of the order of H 
and for dH ~ 3x10 eV. 


mum change in ionization energy due to these 


B ~ 0-2, The maxi- 
effects is about 1 per cent and is thus apparently 
too small to account for the effect, which at 10° 
gauss is in excess of 15 per cent. The increase in 
breakdown field is associated with an increase in 
the magnetoresistance which shows up in the pre- 
breakdown region. This effect may be ascribed to 
a diminution of mobility for the free charge 
carriers. The curves also show that the magneto- 
resistance effect is appreciable at these tempera- 
tures. As we have previously demonstrated the 
inverse dependence of the breakdown field on 
mobility, the natural interpretation is to ascribe 
the increase of breakdown strength to a decrease 
in mobility. Fig. 19 is a plot of the breakdown 
strength as 


the sample of Fig. 18 and for a representative n 
—_— 


a function of the magnetic field for 
type sample. There does not seem to be a simple 
interpretation for the dependence obtained. The 
results 
They 


similar to the 
FRIEDBERG.! 


qualitatively 
DARNELI 
analyse their results by assuming that the charge 


results are 


obtained by and 


carriers gain the energy necessary to ionize in one 
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2400 3200 4000 
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1600 
Magnetic field 
Fic. 19. The dependence of the breakdown field on 
magnetic field for an n- and a p-type sample which 
breaks down at the same electric field in the absence of 
a magnetic field. There seems to be some evidence for 
a low field and high field dependence although these are 
not the dependences predicted from application of the 
magnetoresistive equations. 


mean free path and that the effect of the magnetic 
field is to diminish the projection of the mean free 
path in the direction of the electric field. ‘To obtain 
the same energy from the field in one mean free 
path, a higher electric field is then necessary. This 
analysis led them to 
gHr 

En/E, 2/ 1 + cos—— }, 


2m*b 


(19) 


where Ey/E, is the ratio of breakdown electric 
field required in the presence of the magnetic 
field to that field required in its absence, 5 is the 
velocity of light and 7 is as before the mean free 
time between collisions. Using this equation, they 
extrapolate curves similar to those in Fig. 18 to 
H = 0 to obtain This procedure 
cannot be reliable, because our data, and theirs, 


values for 7o. 


indicate that several mean free paths are necessary 
to impart the necessary ionization energy to the 
electrons. The value obtained for 79 by an extra- 
polation to H = 0 is especially unreliable, as 
inspection of eq. (19) shows that Ey/E, — 0 for 
(gH7/2m*b) — (2n-+-1)z. In extrapolating from a 
field of say 3000 gauss to 0, several infinities must 
be safely bypassed and, further, it is clear that an 
extrapolation will be strongly dependent on the 
initial value of H selected. The values of 79 and 
the mean free path deduced in this way can thus 
have little significance. 

It is possible to derive an expression for Ey/Eo 
as a function of H which is free from the above 
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Fic. 16. The effect of temperature on breakdown. 

Cathode ray tracings illustrating pulsed characteristics 

at different temperatures. No evidence for the break- 
down is found at 30°K. 


Facing page 16 





Fic. 22. The time dependence of breakdown illustrated 
by oscilloscope traces of the voltage drop across an 


ohmic resistance in series with the sample. The pulse 


voltage, applied at the start of each trace, was increased 


in small increments (going upwards). The voltage in the 
ohmic element is delayed with respect to the applied 
voltage. The delay, identified as the rise time for break- 
down, decreases as the voltage level (and concentration 


of tree carriers) increases 
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objections by the simple expedience of adopting 
the expression for the magnetoresistance in terms 
of the mobility and using the observed dependence 
of E, on the reciprocal of the mobility or con- 
ductivity when the number of free charges is 
constant. This yields an expression of the form 


er gHr \? 
E/E, I+a ( — ) : 
2m*b 


where « is a quantity of the order of 1/2 which 
depends on the orientation of the sample in the 
magnetic field and on the postulated shape and 
orientation of the energy surfaces in momentum 
space. However, the theory for magnetoresistivity 
itself upon which eq. (20) is based, does not agree 
well with experiment at low temperatures. Accord- 
ing to this theory?” the magnetoresistivity at low 
magnetic fields depends on H?, exhibits a tran- 
sitional dependence on H as the field is increased, 
and then saturates and becomes independent of H 
at larger fields. Analysis of the data on magneto- 
resistance, as well as the data on breakdown shown 
in Fig. 19 indicates a break in the FE, versus H 
curve for both the representative n- and p-type 
specimens, presumably separating low field from 
high fields. However, the predicted H? dependence 
is not observed, nor is the saturation with H found 
although we are well within the high field region. 


(20) 


BACKGROUND RADIATION EFFECTS 
In the presence of background radiation, 
germanium shows an appreciable photoconductive 


10-0 





Potential 








1o§ 05 104 


107 
Current A 


100 108 


Fic. 20. The effects of the intensity of room tempera- 

ture background radiation on the breakdown. In addition 

to the increase in prebreakdown conductivity (photo- 

conductivity), a diminution of the breakdown field also 
occurs. 
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effect (see Fig. 20) which may result in an increase 
in free charge carrier concentration of about 
103/cm*. Under these conditions at equilibrium, 
the rate equation describing the concentration of 
free charge carriers forn < N, is 


Ol’ = (B,+Bm)aN,, 21) 


(see eq. 4 of ref. 18) where J’ is the intensity of 
radiation on the specimen and QI’ is the rate of 
excitation of free charge carriers by the radiation 
per unit volume, B, is the phonon (nonradiative) 
recombination coefficient which consists of recom- 
bination with the emission of phonons and By,n is 
the impact (three body) recombination coefficient 
which consists of recombination with the excita- 
tion of a second free carrier (i.e., the inverse of 
impact ionization). 

For B, dominant, the concentration of free 
charge carriers and the conductivity would be 
expected to show a linear dependence of J’; while, 
for the inverse of impact ionization B,n, the con- 
ductivity would be expected to show a dependence 
on the one half power of J’, 


Fig. 21 shows a series of curves taken at different 
voltages which illustrates the dependence of the 
conductivity on the square root of the intensity. 
This is the only known mechanism applicable here 
which gives asquare-root dependence. In principle, 


104 





10° 





10° 

of 
104 

Relative intensity of blackbody radiation 


Relative conductivity (ohm cm)' 











Fic. 21. The dependence of conductivity on the intensity 
of background radiation. The different curves refer to 
different voltage levels. The dependence observed is 
evidence that three-body recombination is dominant 
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possible by this means to deduce 
value for B, 


btain the coefficient for impact ionization (eqs. 11, 


, ‘ 1 ’ 
should D¢€ 


and by working backwards to 


of ref. 18). This demands an absolute 
the tactor Ol 
al determinations of the cross-section 
1 the the 


These have not yet been ob- 


which involves absolute 


intensity of 


ionization 


estimates indicate that correct 


B, determined in this 


From the pri ple of detailed 


(22) is valid, ionization 


npact 
I 


dom mechanism for the thermal 
the impurities. This is thus evidence 


ionization even in the absence of any 


TIME EFFECTS 


interest to investigate the times associated 
onset and decay ot the breakdown since 
times are related to the parameters affecting 
It has already been 
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with the breakdown process. Since, 
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niy 


significant on ‘“‘aged’’ contacts, we have some 


effects noted on freshly etched 


1 electroded specimens are representative of the 
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akdown process. Photogr 


scope traces are shown 
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urrent pulse is delayed 
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ast 10-4 sec. 

the applied field is much 

greater t critical field, the time for break- 
down becomes o1 magnit shorter. We 
identify this de lay h im or breakdown. 


Obs« 


udé 


rvations usil sec. have 


ve demonstrated that, 


AND 
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when the sample is well “into” breakdown, the 
rise time is less than 10-8 sec. Since, in the break- 
down process, the effect of the higher voltage is 
to increase the concentration of free charge car- 
the the for 
breakdown may be described by a law of the type 


riers, observations on rise times 


Trise™ 1/n(E)?. (23) 


where n(£) is the equilibrium concentration of free 
charge carriers at a given field and p is a constant 

1. The effects of background radiation and of 
higher ambient temperature have been studied 
qualitatively. The results indicate that, for a given 
applied pulse voltage, shorter times are required 
the 
radiation or temperature is above limiting values. 


for breakdown when level of background 
Since the effect of these parameters is to increase 
the concentration of free charge carriers, these 
observations constitute independent verification of 
the form of eq. (23). ~ 

The form of the experimental time dependence 
of breakdown gives rise to some unusual experi- 
mental problems. Time constants are usually 
specified and measured by obtaining an oscillo- 
scope trace of the current buildup in an ohmic 
resistance in series with the specimen when a 
pulsed voltage is applied and of its decay when the 
pulse is removed. (There must of course be an 
independent source of current to see the decay.) 
If an exponential trace is obtained, the time 
constant may then be specified as the time for the 
trace to build up or to decay to 1) eth of its final 
value where « 2-718. In order to see a deflection 


on the oscilloscope, the voltage from the ohmi 


resistance, or the current in the circuit, must be 
above a limiting value depending on the value of 


ohmi resistance and sensitivity of the oscillo- 


scope. For this reason it is impossible to see a 
buildup trace until the breakdown current has 
built up to the limiting current. Since the buildup 
of current is due to the increase of m, we are thus 
see the rise time which is pre- 


unable to longet 


sumably obtained at smaller values of m, and can 


in fact see only the shorter rise time which is 


obtained when 7 has reached a-value corresponding 
to the limiting current value. This limiting current 
is of the order of 10-® amp. (This depends on 
the 


enough to 


which must be 
RC 


increase 1n 


choice of series resistance 


low avoid circuit effects) 


kept 


which corresponds to an carrier 
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concentration of from 10° to 104/cm® for a given 
specimen. The method we have used to estimate 
the time constant for breakdown, i.e., the delay 
in conductance after the applied pulse voltage, 
does not depend on obtaining a build-up trace but 
is limited to current values above 10-® amp Thus 
our observations do not rule out the possibility of 
time constants for the onset of breakdown that 
may be as long as 0-1 sec. Attempts to measure a 
decay time for breakdown have been unsuccessful. 
It is believed that this is a consequence of the 
sensitivity problem associated with our method of 
measurement as outlined above. 

Inspection of the traces of Fig. 22 shows that 
at low voltage levels the breakdown process is 
accompanied by considerable noise. A high fre- 
quency oscillation is also present. Since we have 
observed this same oscillation in high impedance 
ohmic elements, we believe it is an effect con- 
tributed by our measuring apparatus. The noise, 
however, is associated with the breakdown. 

The rise time and decay time for breakdown 
have been computed in the theory section on the 
basis of the assumed impact ionization hypothesis. 
The rise time is given by 


A 


: (24) 
Brn(E)N, 


In n(E)/ny. 


7 rise 


where 
[° fr(v) dv 
J? flv, E) dv 


(25) 


is a normalization factor with fz(v) equal to the 
Boltzmann distribution function and f(v,F) the 
distribution function characteristic of the break- 
down condition. B;, the three-body recombina- 


tion coefficient, previously calculated"? is given as 


2-44 10 9 1 1+0-522 log,,D 
B; ( ) 
T*I(ev) p* D 


(26) 


Inserting the values needed to characterize ger- 


manium at 7' — 4:2°K and assuming that we may 


approximate 4 ~ 1, we obtain approximately 


(27) 


trise ™ 3 X 10°/n(E), 


where we have used NV, ~510!/cm? for our 


sample. We thus see that the theory is in qualita- 
tive agreement with experiment and gives for the 
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1. The decay time is also 
FS (1/Bn,,N,)lnn,,/n, 


free 


exponent in eq. (23) p 

calculated and gives + 
where n,, is the concentration of carriers 
before the field is shut off. This means, in agree- 
ment with our observations, a time too short to 
be detected with the experimental setup we have 


used. 


FIELD IONIZATION OF THE IMPURITIES 

Breakdown can be caused by the field ionization 
of the impurities. This would represent a tunnelling 
of a carrier from the impurity to the conduction 
or valence band. To assess this possibility, we 
invoke the theory of OPPENHEIMER!) for the 
field emission from hydrogen-like centers. He 
gives for the probability of ionization by field 
emission per unit time: 


Fh 
aR 5/4q! texp . [ap 3d “i 3 
24m* 
h?D 2m*qE 
with ap : 
q?m* h? 


29/4 exp—3/41'(3/4) 
“T(1/2) £(15/4) 


and F (28) 


where I is the tabulated gamma function, and the 
other symbols have their customary meanings. 
Breakdown from this mechanism would occur for 
fields such that ag-@d-!~ 1. This leads to a 
breakdown field of E., ~ q/2Dap? which is of the 
order of the attractive field binding the charge 
carrier to the impurity. For germanium, this 
breakdown field is about 3 « 10* volt/cm, a result 
that exceeds the experimentally observed fields by 
several orders of magnitude. In addition, in a field 
emission effect, there should be no dependence on 
the mobility of the carriers since the effect really 
depends only on the field that can be applied across 
the dimensions of the impurity. The experimental 
evidence thus rules against this explanation of the 
breakdown effect. 


FRAMEWORK FOR GENERAL THEORY FOR 


BREAKDOWN 


The aim of a rigorous treatment of the breakdown 
effect is to predict the observed dependence of the con- 
ductivity on electric field. This will require a detailed 
knowledge of the scattering mechanisms influencing the 
moticn of the free charge carriers, the cross-section for 
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tne impact 
cross-sections for recombination of the ionized centers. 
We will need an expression for the density of the charge 
carriers and one for the mobility, the product of which 
will be proportional to the conductivity. Each of these 
yns will involve the calculation of a distribution 


yr the 


expressi« 
energy distributions of the free charge 
iers as a function of the velocity and of the applied 
this 
we derive the form of the expression for 1, using 


reserve calculation for another paper 
rate equation, the principle of detailed balance, and 

me general properties of the three body recombina- 
cross-section 

rate 

free 


effects, the 
variation of the 


glecting diffusion and surface 


ticn, which describes the 


irge carrier concentration in the semiconductor, is 
dn dt (A, Ao i Ayn)(N—N,—n) 
S—(B,+Bo+Byn)n(N,-+n), 


j 


(29) 
Ao, Aim are thermal 
coefficients for phonon, optical and impact ionization 
ind B,, Bo, 
for thermal recombination and S is the rate of optical 
generation of carriers by incident radiation. At equili- 
brium and for S = Q/ A(N—N,—n) this equation 
reduces to eqs. (21) and (22). In the absence of external 
radiation and for fields that 
1’in (A Ao) we have at equilibrium? for 


where@®) A respectively the 


and By, are the corresponding coefficients 


electric large enough so 


n (N—N,), N 


A’ yn(E\N—N,)—B n*(E)N 0, (30) 
where we use primes on the coefficients to denote the 
that 
that breakdown conditions apply 


are obtained at fields large enough so 
Solving for m, we 


tact these 


obtain 
N—N, A’) 


(31) 
B'; 


n(E) 


We may 


the impact 


write down the expressions corresponding to 


ionization coefficient as 


Ay 


vo,(v)4arv*f(v,E) dv, (32) 


is the velocity corresponding to the kinetic 


needed for ionization, f7 (G?/7*/*) exp —G*v? 
m*/2kT) is the Boltzmann 


assumed fields, 


distribution 


valid for small and f(v,E) is 


+ This recombination is 


aominant 


that three body 
From the data of 
9) 


assumes 
Figs. 20 and 21, and the 


analysis of this is true for m 10*/cm?. 


eq ( 


AND 


ionization of the neutral impurities, and the 
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the unknown distribution function which applies to the 
free charge carriers in breakdown and which is a function 
of E. The quantity o;(v) is the cross-section for impact 
ionization. According to the principle of detailed balance, 
we may write 


Ay 2arm*kT\ 3/2 
K with K 
By h? 


where K is the equilibrium constant. Further, we ,may 
write an explicit expression for the three-body recom- 
bination coefficient (for small fields) as 


's*fB(V2) dv,dvp, 
where op(v1,U2) is the three-body recombination cross- 
section involving the free particles having velocities 
v, and va, and y(v,,v2) is an unknown function of the 
velocity ef the two particles which has the dimensions 
We equate 
involving B;, eqs. (33) and (34), to each other to deduce 


of a velocity. now the two expressions 
the form of the cross-section op(v);,U2). The cross-section 
depends only on the velocities of the carriers and is 
independent of the distribution functions used. Further, 
it is independent of temperature, unlike phonon and 
photon recombination cross-sections which depend on 
the phonon and photon distribution respectively. By 
requiring that it be independent of G, which is the 
characteristic parameter of the Boltzmann distribution 


function and which includes the temperature, we obtain 


where 


K [42 ly fp(v) dv}? 


This may be verified by noting that the temperature 
dependence of A; '”), 1.¢ 


5-88 x 10-4 


I(eV)T?B* 


cancels the temperature dependence of the quantity 


K [4x f° fn(v) de]. 

This choice for the form of the cross-section appears 
fortuitously to be unique. We now write the expression 
coefficient for the 


for the three-body recombination 


breakdown case: 
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U,E) dv,dv,g. 


Making use of eq. (35), we then obtain 
| Arf? fv,E) dv 
By — boy 
K LJ. fa(v) do 


n(E) 


and finally 


where J, the normalization factor, is defined in eq. (25) 

The cross-section for impact ionization of a hydrogen- 

like impurity calculated in Born approximation is‘*)7 
9 

2m*v?D 


0-0487 


0-285 » 2arg4 


DIm*v* 


(38) 
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The use of the Born approximation in such a calcula- 
tion tends to over-estimate the cross-section but it is 
known to give the correct order of magnitude. To 
proceed further it will be necessary to know the dis- 


tribution function. 


COMPUTATION OF RISE AND DECAY TIMES 
FOR BREAKDOWN 


Replacing the thermal coefficients (d90+A,) by Az 
and (Bo+B8,) by Br and ignoring external radiation, 
eq. (29) becomes in the presence cf an electric field 


dn/dt = (Ap+Aj)'n)(N—N,—n) 


— (Br+By'n)n(N,+n) (39) 


where as E->0, A,’ and By’ go over to A; and B; 


respectively. 
(N-—N,.); N., we obtain 


For n integrating 


eq. (39) 


upon 


[2a+-(b+ V b?—4ac)ny| exp — V b?—4ac t—[2a+(b— V b?—4ac)ny] 


n - 
[2cn,+-b4 


where mo is the equilibrium concentration of free charge 
carriers at the time of the applied voltage pulse and 


a= —Az(N—N,) 
—[A;'(N—N,)—BrN,] 
B,N.. (41) 


Since 7 is not a simple exponential function of time, it 
is difficult to define a time constant uniquely. The 
procedure we adopt here is to write down a general 
expression for the time constant. This has the effect 
of replacing the true expression for n by the equivalent 
exponential one. 


x 
» 


No—n 
dt, (42) 
a Nna—Np 
O 
the equilibrium concentration of free 
> © after the application of voltage 


where “x 1S 
charge carriers as ¢ 
Insertion of a simple exponential for m into the above 
expression automatically yields a value which is the 
time required to reach 1/eth of its final value, in agree- 
ment with the usual definition for the time constant. 
Insertion of our expression for » with 


+ The corresponding expression in ref. (18) should 
be corrected by dividing it by 4, but the expressions 
deduced from it are correct as they stand. 


V b?—4ac]—[2cn,+b—\ b?—4ac] exp —\ b?—4ac t 


[2a 


(b6— V b?—4ac)ny] 
N« om 

2cn,+b+ Vv b?—4ac 
yields 


? 


Trise 


—[2cn, i= \ b?4ac] 


2V b?—4ac 
In ———- (43) 


2cn,+-b-+ V b?—4ac 

For application to breakdown we take 4ac/b* I 
Expanding the radicals and substituting for the symbols, 
we then obtain. 


l 


Se —- (44) 
By’ N,[n(E)—ng]} 


In n(E)/n,. 


Trise 


Making use of eqs. (31), (33) and (37a) and for » (£) 
Ny, We obtain Trice X [A/BrN.n(E)] In n(E)/n, which is 
eq. (24). At the onset of breakdown, when Jn/ny 
[n(E) —ny]/no 1, the rise time from eq. (44) is upon 
expanding the logarithm 


1 


; (45) 
BIN. 


- ~ 
15e 
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ilso compute a decay time by using eqs. (40) and 


(after an elapse of a few 
collision times upon re- 


moval of the electric 


field). 
—[A7r(N—N.)—BrA 
By,N 


time becomes 


b— \ b°*—4a 
2\ b°—4a 


pb \ ee 4a 


(47) 


Inn 


By \ nN 


OBSERVATIONS OF NO BREAKDOWN EFFECTS 

In addition to the observation of breakdown 
reported in Tables 1 and 3, a number of spec imens 
| 


Sno 


1 


wed no breakdown effect up to the highest 


voltages applied. The electrical properties of these 


specimens and the hig est electric fields for which 
bre found at 4:2 K tabulated 
n Table 4. The lack of breakdown in these speci- 


mens presumably does not h 


akdown are 


vas 


ave a common cause. 


Sample 240 is degenerate, for example, at 4-2 K 


and on this account no breakdown is expected. 


lable 4. Electrical properties of germanium specimens for 


Resistivity (p) 


1 
(onm cn 


E. BURSTEIN 


For the undoped specimens, 195-1 and 156 of 
presumably high purity, breakdown might have 
been expected at low electric fields. It is known, 
however, that undoped specimens often have 
anomalous properties. °°) These may be the result 
of the high compensation of opposing types of 
impurities which can lead to the existence of 
impurity complexes of unusual properties which 
may not be subject to impact ionization. For 
sample 179, the concentration of free charge 
carriers, mo, is very low at 4-2°K. The impact 
ionization coefficient, A’ 7m, eq. (39) which is 
proportional to 7p may thus be too small compared 
to the thermal ionization coefficients which are 
independent of mp to give rise to any breakdown. 
This would suggest that a breakdown might have 
been observed if the specimen had been irradiated 
with light to increase the free carrier concentra- 


tion. 


CONCLUSIONS 

A detailed study of the low temperature elec- 
trical breakdown effect in germanium has been 
presented and it has been shown that the effect 
can be explained on the basis of the impact 
ionization of the impurities in the germanium by 
the free charge carriers. The controllable para- 
meters affect the breakdown as follows: 

(1) Raising the temperature in the low tempera- 
ture range increases the conductivity of the speci- 
mens so that the breakdown effect makes a smaller 
contribution to the conductivity. If the field at 
which deviation from Ohm’s Law occurs is taken 
as the of the field, the 


magnitude of the breakdown field depends in- 


definition breakdown 


versely on the temperature. 


which no breakdown was observed at 4:2 K 


Highest field 
Hall Coeff (R) with no 


(cm? /coul) breakdown 
(v/cm) 
298° KK 4:2°K 
100 
127 
100 
1500 
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(2) A magnetic field produces a large magneto- 
resistive effect which gives rise to higher breakdown 
fields. 


(3) Background radiation causes photo- 


conductivity which lowers the resistance of 


typical specimens by a factor of about a thousand. 
A small diminution in the breakdown field also 
occurs. 

(4) Increasing the concentration of group III or 
V impurities results in diminished mobilities and 
higher breakdown fields. The mobilities observed 
could be satisfactorily accounted for on the basis 
of impurity scattering. Substitution of other than 


group III or V impurities results in higher break- 


down fields, but it was not possible to separate the 
effects of the diminution of the mobility from the 
increase of ionization energy. 

(5) Altering the geometry of the specimens has 
no effect on the breakdown. Sandblasting the sur- 
face results in higher prebreakdown conductivity 
but has no effect on the breakdown field. 

(6) Changing the orientation of the specimen 
along the direction of the applied electric field 
shows that the breakdown field required for the 
(110) orientation is 30 per cent lower than for the 
(100) orientation. 

(7) The rise time for the onset of breakdown 
is an inverse function of the equilibrium concen- 
tration of the free charge carriers. 

A mean value theory for the onset of breakdown 
in a critical field has been developed and the 
framework for the more rigorous transport theory 
has been outlined. The time effects predicted 
from the transport theory have been shown to be 
consistent with the experimental data. 
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Abstract—A new method is de 


veloped for calculating the distortion around point defects 


Wills Physics Laboratory, University of Bristol 


1956) 


The 


ethod is entirely based on the discrete nature of the lattice and the main point is to adopt the 


| co-ordinates expansion for displacements as in the dynamical theory 


As an c¢ xample > 


the volume change anc 


acancy 1n solid argon 


1. INTRODUCTION 


IN sé 


veral problems connected with point defects+ 


n solid crystals, it becomes necessary to obtain a 


precise knowledge about the distortion of sur- 


rounding lattice points. For example, in the cal- 
of a defect, the sur- 


] + 
culation 


rounding distortion contributes the so-called ‘“‘re- 
The 


distortions is of first-order importance in discussing 


of the self-« nergy 


laxation term’’.“ contribution from these 


the mutual interaction between defects’ the X-ray 
diffraction effects®) “) © and also possibly the 
change in electrical conductivity of metals.“ 
In the present treatment, the calculation 1s en- 


yased 


The 


calculation 


e discrete nature of the crystal 
of ot 
is normal co-ordinate 
for The 


as is well known, has been developed with 


tirely t on th 


feature our method 
the 


displacements. 


lattice. essential 
to 
expansion the same 
me thod, 
collaborators“ 


and his 


of 


great success by 3ORN 


in the dynamical theory ““nerfect’’ crystal 
; ; I ; 


lattices. 
In the 
calculation will be given first and then followed by 


following, the general procedure of 


an application to defects in solid argon as the 


rom Institute of Science and Technology, 
Department of 


Illinois, U.S.A 


Japan; now at 


of Tokyo, 


sity of Illinois, Urbana, 


following, we consider not only isolated point 


ch as vacancies, interstitials and impurity 


but also aggregates of these units such as pairs of 


atoms, 


lefects, etc 


i the relaxation of energy are calculatec 


24 


the substitutional defect in solid argon is treated. The displacements around the 


1. The more detailed analysis is 


simplest type of crystal with face-centred cubic 


structure. 


2. GENERAL PROCEDURE OF CALCULATION 


(a) Problem to be solved 

The introduction of a defect into a substitu- 
tional or interstitial position in a perfect lattice 
causes displacements of “normal’’ atoms from 
their original lattice points. These displacements 
can be considered as having been produced in a 
perfect lattice by applying a distribution of ex- 
ternal forces on each lattice point. In other words, 
the displacements of lattice points in a perfect 
crystal subjected to a distribution of given applied 
forces can be made to be exactly equal to those of 
“normal” lattice points in the “imperfect” crystal 
(crystal containing a defect) if we choose appro- 
priate values for the external forces to be applied. 
The appropriate values of these external forces 
depend, of course, on the atomic nature of the 
defect in the crystal. In this section, a general 
outline of our treatment will be given assuming 
that we already know the appropriate value of the 
external forces. Thus our problem of obtaining the 
surrounding distortions is reduced to the problem 
of obtaining displacements of lattice points in the 
perfect lattice under given external forces. 


(b) Solution of the problem 
In the following, we consider the case of one 
particle per unit cell. The position vector of an 
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atom is r! in the original undisplaced perfect lattice 
and its rectangular components are x, (« 23) 
The external force applied on the atom r! is F(r‘) 
and its components are F',(r’). The displacement 
of the atom is &(r') and its components are 
é,(r). 

The potential energy U of the perfect lattice 
distorted under applied external forces F(r‘) is 
expanded in powers of the components of the 
displacements up to the second degree in the 
following manner. 


(2.1) 


where U, is the potential energy of the undisplaced 
perfect lattice and 


A, (ll ) | ax,! . Ax gt! ] 


(the suffix 0 corresponds to the undisplaced lattice). 

The second derivatives A,,(/l’) are symmetric 
in their indices according to their definition and 
depend only on the difference of position vectors 
(r’—r”), 


A, (ll’) = A,, (I'l). (2.3) 


The equilibrium value of the displacements can 
be obtained from the condition, 


oU o€,(r’) 0) 
which becomes, 


Fr) = ZEA, fll) - Et". 

The equations (2.5) are the fundamental equa- 
tions of our problem. They are partial difference 
equations instead of the partial differential equa- 
tions of elasticity theory. They are linear, because 
in our approximation we have neglected all terms 
beyond the second degree in the TAYLOR expansion 
(2.1) for the potential energy. In the following, it 
will be shown that the equation (2.5) can be re- 
duced to simple form by the introduction of nor- 
mal co-ordinates. 

Expand the displacements &(r’) in a series of 
plane waves and assume the following expression 
as a general form, 


FACE-C 
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(2.6) 


E(r’) = = Q(q) - e'*" 
q 


where q is the wave vector and the expansion 
coefficients Q(q) are the normal co-ordinates as 
known in dynamical theory. Q(q) are, in general, 
complex and, to ensure the reality condition for 
displacements, we must have 


Q(—q) = Q*(q) 


where the asterisk stands for the complex conju- 


(Z.F) 


gate. 
Next we introduce a set of vectors S (the re- 


ciprocal lattice) which satisfies the condition 


gsr" |] (2.8) 


for any /. 


Returning to (2.6), we see now that two q 
vectors are equivalent if they differ by a lattice 
vector of the reciprocal lattice and that all the 
possible values of q are contained in the basic cell 
or the first Brillouin zone of the reciprocal lattice. 

Replacing €,(r’) in (2.1) by (2.6), the first term 
in (2.1) becomes 


XXG,(q)* 9,(q), (2.9) 


q 


where 


(2.10) 


x 


G(q) ~ F (r')-e'? 
which is the «th component of the generalized 
force G(q). 


The second term in (2.1) becomes 


The sum 
(2.12) 
l 
vanishes unless (q-+q’) is a vector of the re- 
ciprocal lattice and so g and —q’ are equivalent. 
Hence (2.11) becomes 
N/2XXV,.(¢) - Q,(4) « Val 
q «6 i : 

where 
EAI’) et9 (2.14) 


Pu (q) 
(l-l’) 


which will be called the “coupling coefficients”, 
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and N is the number of lattice points in the 
crystal 


Finally, we obtain 


% O.(q)+ 
q (2.15) 
oo 


-— 


(q):O(q):VOA—-q) 


The condition of equilibrium 


U/e0,(q) =0 (2.16) 


is equivalent to equation (2.4), reduces to 


ViIV_(—q):-2,(¢q) =G,(—q). (2. 


For each q, (2.17) gives three simultaneous equa- 
ns for the three components Q,/q). Having 
give O.(q), we can calculate the 


lue of displacements of any lattice point by (2.6). 


them to 


Several deduc ed here 


eral general relations will be 


lor later reference. 


(q) as given by (2.14) define a 3x3 


which is usually called the ‘dynamical 


¥p 


atrix’’ in dynamical theory. 


juilibrium value of displacements, the 
second term in (2.1) becomes 


For the er 


TUF 


[he potential energy of the lattice is invariant 


for rigid translations. This condition leads to 


V (q ()) 0 (2.19) 
ana 
O.(g =0 () (2.20) 
a , 
c) Cyclic lattice condition 
The p« lue of wave vectors q will be restricted 
yy th cyclic lattice’’ condition which postulates that 
€ ttice listortior are periodic with a period large 
r pared with the dimensions of a unit cell. We assume 
unit cyclic cell to be rectangular, having edges of 
length L L ] respectivel' along the three co-ordinate 
xis. The cyclic lattice condition becomes 





E(r’+-n,(L,,0,0)) =F (r'+7,(0,L2,0)) 
E\ r+n,(0,0,L, )) (2.21) 


are arbitrary integers. It requires that 
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so that the components of @ must be multiples of 
27/L,, 27/Ly, 27/L3 respectively. By introducing the 
cyclic lattice condition, we have replaced the actual 
crystal with free surface by a hypothetical crystal with 
cyclic lattices. The distortion in our hypothetical lattice 
is that due to a regular distribution of the same kind of 
defects over an infinite lattice—one defect per cyclic cell 

Consider the actual crystal with free surface and with 
the same original size as the unit cell of the cyclic lattice, 
and compare the situation in the crystal with that in the 
unit cyclic cell when we introduce a defect into each of 
them at the corresponding lattice points. Considering 
that the free surface condition is satisfied when there is 
no stress component normal to the surface, the differ- 
ence of distortion between these two pieces of crystal 
comes from the existence of normal stresses across the 
boundary wall between cyclic cells, if they are not zero. 

Taking into account our approximation that the equili- 
brium distortion is determined by linear equations of the 
type (2.5) or (2.17)—which means that a law of super- 
position is valid—the distortion in the real crystal can be 
obtained from the distortion of the cyclic lattice in the 
following way 

The displacements are given by superposing 


(a) the displacements due to a defect obtained by 


using the cyclic lattice condition, and 


(b) the displacements in the perfect crystal due to 


a distribution of forces normal to the surface 


opposite to those acting across the boundary 


wail from the neighbouring cell. 


1] 


Following ESHELBY,‘”*) we call these distributed forces the 


image forces 


he contribution from the image forces is negligible in 


the neighbourhood of defects, provided the defects are 


sufficiently far from the surface. In other words, we take 


account of the ‘‘existence’’ of the free surface but not the 


‘exact surface’’ effect which depends on the shape of 


the crystal. Contribution from image forces, however, is 


of first-order importance when discussing the change of 


volume of the crystal due to the surrounding distortion 


The reason is as follows. The change of volume of a 


crystal with the same size as a unit cyclic cell is given in 
terms of displacements of lattice points on the surface 
When we use the cyclic lattice condition the volume of a 
to any distortion which 


cyclic cell does not change due 


satisfies the cyclic condition. This corresponds to the 
fact that 
across the boundary wall keep the 


the 


the non-vanishing stress components normal 
volume unchanged 
change of volume of a cyclic cell due to the 


lattice 


Thus, 


surrounding distortion is zero under the cyclic 


condition and comes out only by applying the: image 


forces on the surface 


3. DEFECTS IN SOLID ARGON 
(a) Description of face-centre-cubic lattice 
Referred to a rectangular co-ordinate system 
with origin at a lattice point and axes parallel to 
the edges of the cube, the cell vectors of the face- 


centre-cubic lattice are 
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a 


100 “(010 “(001) (3.1 
a, - 2 hy a, >| ), a, x y C22) 


The position vectors of the lattice points 


r = 1,a,+1,a.+1,a, (3.2) 
where /,, /, and /, are integers satisfying the con- 
dition that (/, + /, +-/,) must be even. The first 
nearest neighbours are the twelve atoms with dis- 
tance a/4/2 and the second nearest neighbours 
are the six atoms with distance a from the lattice 
point. 


(b) Interatomic potential 

We assume that each atom in a perfect crystal of 
argon is in equilibrium under the compromise 
between the repulsive interaction with its twelve 
first nearest neighbours and the attractive inter- 
action with its six second nearest neighbours. 

Assuming the following expression for the inter- 
action potential between two argon atoms 


d(r) B yi0 y 78. 

we determine two numerical constants B and C 
through use of the bulk modulus K, and the lattice 
O°K 


constant d, at and 


p 0. 


By using the following values"? 


temperature pressure 


Ky = 2:36 x 10! dynes/cm* 
Ay 5-40 x 10-8 cm, 

B and C are determined. 
B = 2-130 x 10-*8 erg. cm!° 


1-596 x 10-°8 erg. cm® 
which compare with the following values of B ¢ 
C obtained by a more elaborate model!” 


B =2:194 x 10-88 erg. cm! 


C = 1-538 x 10-® erg. cm®. 


(c) Coupling Coefficients 

As a satisfactory approximation, we assume that 
the coefficients A,a(ll’) are expressed in terms of 
purely central interaction with twelve first nearest 
Hookeian force constant A, 


neighbours with 


where 
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action (d?9/dr*) .—, 
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=| K 
(j 19) * Ky 
| =s r=a/V2 —_ 


956 dyne/cm.* 


The coupling coefficients V’,9(q) defined in 
(2.14) are calculated as follows: 


V4(q) 


a a a "a 
Sas af + cos sts) 














Vi) = Va(Q) 


V3(q) = V0(q) 


fa 
sin( <1.) 


V3(4) = Vi3(q) = 24 - 


4. SUBSTITUTIONAL DEFECTS IN SOLID ARGON 

The defects to be treated here are the isolated 
defects which are produced by substituting in a 
normal lattice point, and have the same symmetry 
as the original normal lattice point in the perfect 
crystal. This group includes the following two: 

(a) substitutional impurity of a rare gas atom 
(e.g. neon, krypton or zenon atom) in argon crystal, 
and 

(b) vacancy. 


(a) External forces due to existence of defect 

The vacancy in argon will be considered first. 
Compare the potential energy of the crystal in each 
of the three different configurations illustrated in 
Fig.1(a), (b) and (c). Fig. 1(a) is the undisplaced 
perfect crystal, Fig. 1(b) is the distorted perfect 


* The force constant with second neighbour inter- 
— 54-6 dyne/cm. 
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crystal in which the displacement of each lattice 
point is the same as in Fig.1(c), and Fig.1(c) is the 
imperfect crystal containing a vacancy in which 
each lattice point has been displaced in order to 
satisfy the equilibrium condition in the presence of 


a vacancy. 


(c) 
Three configurations related to the calculation of 


the external forces due to a vacancy 


Considering that the potential energy of an 
argon crystal can be expressed in terms of the 
interatomic potential o(r) between two atoms in 
the crystal with separation r, the difference of 


energy between the configuration (c) and (a) is 


U(c)—U(a) = [U(c)—U(b)] + [U(b) — U(a)] 


(4.1) 


where the vacant lattice point has been selected as 
the origin. In the general treatment given in Section 
2(b), the equilibrium condition was given by (2.4) 
which was equivalent to (2.17). Now, in the case of 
a vacancy in argon, the equilibrium configuration is 


given by 


ofl (c)—( (a)] 0&, r’) Q. 

We now determine the values of F',(r!) which 
satisfy the requirement that the equation (2.4) is 
equivalent to (4.2). Comparing (2.1) with (4.1), the 
second terms of each of these two are equal, so we 
must satisfy the following condition 


Considering the simplified model for argon given 
in Section 3(c), we can neglect the terms except 
those from first and second nearest neighbours in 
the summation over / in equation (4.3). Further- 
more, both the displacement vectors &(r’) and the 
external forces F(r’) for first and second nearest 
neighbours must be parallel to the position vectors 
r! from symmetry considerations. Replacing &( r’) 
and F(r’) for these neighbours by €p’-e(r') and 
F p!-e(r’) respectively where e( r') is a unit vector 
parallel to r’, (4.3) becomes 


dd d*h 


dr I, Pe dr* 


F (4.4) 


when we expand irl, gr in a Taylor series 
up to the second term. Considering that |&(r’)| is 
small compared with the lattice constant, the 
second term (4.4) may be small compared with the 
first.* In the following argument, the “‘first ap- 
proximation”’ corresponds to the case when the 
second term in (4.4) is neglected and the ‘‘second 
approximation” corresponds to the case when that 
is included. 

In Section 5, the following procedure will be 
taken in order to proceed from the first approxi- 
mation to the second. 

Assume that the value of Fp! is F, and F,, for 
each of the first and second nearest neighbours 
respectively, and that the value of Ep! is €, and €, 
respectively. By solving the fundamental equations 


* The effect of this term is supposed to increase its 
relative importance in discussing the interstitial atom. 
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(2.17), we can calculate the value of «,;, % 1,1, %21 
and «.,; defined as follows: 

fy ay, Fy 

fu 
£9) ag, °F; 


fort 


ayy Fy 


agi, ° Py 


where €;; : e(r’) is the displacement of each of the 

ith neighbours when every jth neighbour is sub- 

jected to a force F; - e(r’). The value of displace- 

ments €, and &, can be expressed as follows: 
Gay Py tay Py 


£2 = a9; * Py +agq1* Fy. 


(4.6) 


On the other hand, from (4.4) 
dd d*¢ 
dr i ar 
dd d*h 


dr? 


From (4.6) and (4.7) 


£ (= 
_ dr* 


dd 


dr* 


sae) 


( dd 
dr 
dd 


dr 


— a 


a/v2 


(4.8) 


By replacing the values of F,; and F,, given by 
(4.8) into (4.6) we obtain the value of the displace- 
ments corresponding to the second approximation. 

In the first approximation, the external force is 
assumed to be constant. In the second approxima- 
tion, the external force is assumed to change 
linearly with the displacements of the lattice point 
on which the force has been applied. 

Returning to the original Taylor expansion of 
the potential energy in (2.1), it can be seen that in 
the second approximation we have taken into ac- 
count the additive quadratic term of displacements 
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due to the change of external forces due to dis- 
placements. This kind of effect will become more 
important in the case of substitutional atoms in 
crystals having a harder interatomic potential than 
for the case of a vacancy in solid argon treated here. 

In the case of a substitutional impurity atom 
such as another rare gas atom, the interaction 
potential between impurity and argon atoms may 
be expressed more or less in the same manner as 
(3-3) and the same kind of treatment as above in 
the case of vacancy is possible. Here, however, only 
the following qualitative argument will be given. 

In the case of an impurity atom with larger 
atomic size than argon (e.g. krypton or xenon) the 
effect due to repulsive interaction between first 
neighbouring argon atoms may be predominant 
compared with those between second and farther 
neighbours. In this case, the surrounding distor- 
tion may satisfactorily be given by applying ex- 
ternal forces only on the twelve first neighbours. 
In the case of an impurity atom with srhaller atomic 
size than argon (e.g. neon) the attractive interaction 
with argon atoms may be the predominant factor 
for the surrounding distortion. The effect of 
attractive interaction with the six second neigh- 
bouring argon atoms may be more important than 
the interaction with first neighbours. In this case, 
the surrounding distortion may be approximated 
by applying external forces both on the first and 
the second neighbours. 


(b) Normal co-ordinates 

The case where each of the following two systems of 
forces is applied on the crystal will be treated here. 

(1) Radial forces with the same magnitude F’ on each 
of twelve first neighbours: 


F,(r’) = F,- e(r’) (4.9) 
where r is the position vector of a first nearest neighbour 
to the vacant lattice point which is the origin of co- 
ordinates. 

(2) Radial forces with the same magnitude F'1; on each 
of the six second neighbours: 

Fy (1) =Fy° e(r"’) (4.10) 
where r! is the position vector of a second nearest neigh- 
bour to the vacant lattice point. 

In the following we calculate the displacements for the 
F{ system and for the F11 system separately. According to 
the law of superposition, we can superpose these two 
patterns of displacements when necessary. 

The components of the generalised force G(q) defined 
by (2.10) are for the Fy; system 
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The simultaneous equations to determine Qa(q) are 
given by (2.17) where V«{(q) is given by (3.8) and Ga(q) 
is given by (4.11) and (4.12). In the case of substitutional 
defects, the displacements must satisfy the following 
condition from the symmetry considerations 


E(r’) E(—r’) (4.13) 


when the defect lattice point is selected as the origin 
Then the expression for displacements (2.6) becomes 


E(r’) = © (iQ(q)) - sin(q: r’). (4.14) 
q 
The symmetry consideration also leads to the following 


relation 


O1(91, 925 93) = Qe(4s, 91» 92) = Qa(Gos 9s» 91). (4-15) 


1(2F',,) - sin(aq,) 
i(2F, 1) SIN( qo) (4.12) The explicit expression of Ox(q) 1s as follows: 


1(2F,,) - sin(aq3). For the F; system 


sin x(Cos V+ Cos 2 sinx* siny sin * sina 


Sin Y( COS 3-- COS X}, 2 COS V(COS Z-++ COS X), sin} ‘sing 


sin z(cosx+cos y). siny: sin: 2—cos 2(cos v-+ cos V) 


cos x(cos V+ Cos 2 sinx: siny, sins * sinx 


sinx: sin V, COS Y(COS 3--COS X), sinv:* sine 


sins * SINYA, sinv: sins COS (COS X-+ COS VY) 


sin x sin y, SIn 3s SIn x 
cos ¥(COS 2+ COS X), sinyv: sins 


sin y* sin 2, 2—cos 2(cos x+ cos y) 


determinant 4 10,(q) 
Ox(q) tends ‘a 
zero when \ aI 4x( x? + y) (x? 2°) 


ing approximate 
» » » | 


f he value of Ox(q) in the neigh- AN [(x?+ v")8+(y?+ 27)? + (27+ x2) 4 8x : 
I 


> 
] 


ine 


origin of reciprocal space where q ) 
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For the Fy; system (a) Distortion in the neighbourhood of a defect 


i0,(q) The numerical integration was carried out in a 
; ae eo straightforward manner. The results shown in 
Fry 4x0(x°+-y*)(x?-+ 27) Tables 1 and 2 give the displacements of atoms in 
AN / [(x?+y?)®-+(92+2?)8+(22+22)3+4 8x2y2z2] the neighbourhood of a defect up to the sixth 

neighbours. The equilibrium condition of forces 


(4.21) 


acting on a/2(110) and a/2 (200) atoms requires 


5. DISTORTION AROUND SUBSTITUTIONAL the following relations: 
DEFECTS 
Having obtained analytical expressions for Q.(q) as 
(4.16) or (4.19), the displacements &,(r') can be obtained €,.(220)+ €,(211)+€,(211) 
by calculating the series (4.14). As a practical procedure 
of calculation the series was replaced by integration over 


For the F system 

possible values of q, in other words, integration over a 

first Brillouin zone in reciprocal space. €,(310)+ €,(310)—2é (200) 
Table 1. Displacements of atoms due to the F, force system (in units of F,/ A) 


1 |2 é 1 al ‘ ol ory 
Y ri é $3 1 


(in a*/2) 


7 om > - ) 2c 
“(110) 17-066 7-066 24-135 x 10°? 
: 


1 
5(200) 2 099 rp 099 » 10 


ts of atoms due to the F 


“(110) 
2 


1 
“(200) 2 29: 0-0 

2 

7 : é i ' 4 
5(211) “40% 0:165 —()*165 10-2 


1 
“(220) . 2 0-621 


a , > 
(310) 462 3-449 
5 

a 

2 


(222) 0-163 0-163 
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and for the F,, system 


(220)+ €,(211)+€,(211)—5é,(110) =0 


(310)+€,(310)—2€,(200) F,,/2A. 


From these results we can obtain the following 


values for ~, ; (1 1,2; 7 = I, II) defined by (4.5). 
0-24135/A 
0-01099/A 
0-00550/. 
0:29417// 
Che relation 


(5.4) 


is one of the reciprocity relations due to the validity 
of the superposition principle. 

In the following some of the numerical results 
will be described for the case of a vacancy in argon. 


(1) The value of external forces due to a vacancy. 
In the first approximation 


10-8 dyne 


dyne. 


In the second approximation 
dd 
dr 
dd 
dr 


1-308 48-83 « 10-* dyne 


(5.6) 
Fry 0-984 


51-96 « 10-8 dyne. 


(2) The 


second nearest neighbours. 


value of displacements of first and 


In the first approximation 


0-913 x 10-1 


& 
| 


é, = 1-582 x 10- cr 


In the second approximation 
1-203 « 10-!° cm 
(5.8) 
&, = 1-543 x 10-”° cm. 


The positive sign of the displacement corresponds 


to the outward movement of the lattice point re- 


lative to a vacancy. Table 3 shows the displace- 
ments of atoms in the second approximation. 


Table 3. Displacements of atoms around a vacancy in 
argon (in units of 10-'%cm) 


€,(2") 


i 
“(110) —0-851 | —0-851 
, 


7 
“(200) 547 0-0 
. 


—(0-185 


a 
(211) 
> 


a = 
(220) —()-265 
> 


a 
(310) 
2 


“(2 2) 


(b) Distortion far from defect 
Consider the «th component of displacement of the 


a/2 (N,, Nz, Ns). 


lattice point vr! 
€.(N;, Ne, Ns) 
X(10,(q)) + sin(N,x+ Noy+ N32). (5.9) 


q 


Replacing the summation by integration over the first 
Brillouin zone 


TE ae de 
= )} | | Cou@)> 


F.B.Z 


< sin(N,x+ Noy+ Nz) dxdydz. (5.10) 
\s the position vector a/2(N,, No, Ns) increases its 
magnitude, sin(N,x+N.yv + N32) rapidly 
oscillating function in (xyz) space. In these circumstances 


becomes a 


the contribution to the integral (5.10) is predominantly 
the one from the value of Q,(x,v,z) in the neighbour- 
hood of q = 0 where the value of Q,(x,,z) changes 
rapidly in the (x,y,z) space. Therefore we can replace 
iQ,(x,¥, 2) by their approximate formulae near the 
origin of q space given by (4.20) and (4.21) in calculating 
the displacements far from the defect. In other words, 
the asymptotic expression for the displacements far from 
the defect can be given in terms of plane waves with 
small values of q or in other words with long wave 
length. 

Take the case of F; system and replace O(a) by (4.20) 


The asymptotic formulae for €,(7!) is given by 
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ddyds | (5.11) 


Tr 


y : /2 F, (x? bil *)(x®-+-27) cos (Nix+Nay+ N32) 
£1(Nj, No, Ns) (— a y-a : 4] J hj ~~ 
ON, [x2 + y2)9+(y2 422)3 + (27+ x?)?+ 8x2y222] 


Rotate the rectangular co-ordinate system (x,y,z) Replace the new co-ordinate system (x’ y’, z’) by the 
around the origin according to the following transforma- spherical co-ordinates (r, 0, 9) 
tion 

x x’ =r-sin@-cosd 

y | 


~ 


y’ =r-sin@: sind | (5.14) 


2’ =r-cos8 


(5.11) becomes finally 
F(6 4): cos(V N,2+N,2+Ng?-1 cos 4) ras (5.15) 


F(6,4)- 
[1—(m, sin 8: cos¢+nz, sin 4: sind+n, cos 6)*][1 —(m, sin 8: cos ¢+m, sin 4: sind+m, cos @)?] sin 8 
{{1—(4 sin 6: cos $+/, sin 8+ sin 6+], cos @)*]®+ [1 —(m, sin 6: cos +m, sin 4: sin +m, cos 0)?]®+ 
+([1—(n, sin 0-cos¢+n, sin 4: sin +7, cos 4)? }*+8(/, sin 8+ cos $+/, sin 6: sind+/, cos 6)? x 
X (m, sin 8: cos¢+m, sin 8: sin ¢+mz, cos ?)* X (n, sin 8: cosd+n, sin 8: sind+nz cos 6)?}. 


(5.15) can be replaced by the approximate formula 


n T 


V2F oo . a 
£,(N,, No, Ns) = -(~ nan ‘) ao } dr | f{(@)-cos(V Ny?+N,?+ N,?:7 cos 6) ao 
Cl 1 < 


3 J 
A 0 0 


where 


7) re cos(r « oe: 
ao 
ON,LJ J V(Ny?+ N;i 24 Ny? 


ar V 2F; 
Substituting 2 (5 \ , _ 2 = 
1 24 0 N, (N;,' 24 Ne N35”) - 


t= VN2+N.2+N,? - cos 8, (5.19) 


f(t =0) is a function of (N2/N,, N3/N,) and can be 
written as follows: 


f(t =0) = G(u,v) 


where u = N,/N,,v = N;/Nj. 


£,(N,, No, Ns) = — 


Hence (5.19) becomes 








] ( G(u,v) : niet sa : nN) 59 


£ N. b N, ’ N. 2 a ; r 
1( 1 2 3) ( / 1+u?+v?) \(14+u?+v?) Ou 
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The asymptotic formula (5.21) can be generalized in the 
following form 


£ (N,N,N) 


I(1, m, n) 
yl 2 


where (/, m, m) is the direction cosine of r'. The numerical 
results for special values of (/, m, m) are as follows 


£,(.N00) 11-4 « 10-2 


& (NNO) =24-9x 10-2 


(NNN) 


The value for Fi; system can be obtained by replacing 
F in (5.24) by (F11/ vy 2) 

The numerical values in (5.24) 
anisotropic nature of the displacements. 
nection, it seems worth while to compare the results with 


show the 
In this con- 


strongly 


a calculation based on anisotropic elasticity theory. As 
far as we know, however, the only calculation of this 
kind has been done by EsHELBy,‘* 
anisotropic dilatation, not the displacements themselves. 

In the case of a vacancy, the approximate formula for 


10,(q) is 


(- 2Fi+ Fy 
AN 
4x(x*+ y*)(x?+ 27) 
)F+(y?+ 2*)8 + (22+ x7)8 4 8x?y222 


who calculated the 


[(x?+y" 
In the first approximation 
dd 
dr 


V2F\+Fy,=\ 2( 


On the other hand, the energy of the perfect crystal 


N 
es ~[124(a A 2)+6¢(a) | 


(5.27) 


must take a minimum value for the observed value of a, 
and this condition requires that 


dd 


2 dr], 


(5.28) 
a/\ 
This means that the asymptotic value of distortion is 


zero in the first approximation for a vacancy. In the 
second approximation 


d 
0-458(° 


TS a/v2 


V2F\+Fy 


17-10 x 10-® dyne. 


(5.29) 


The displacements can be obtained by replacing F in 
(5.24) by (V 2F1+F11)/ 2. 


(c) Change of volume due to distortion 

According to the discussion given in Section 2(c) 
we can calculate the volume change of the crystal 
due to the distortion by relaxing the normal com- 
ponent of stress across the boundary wall between 
cyclic cells. In Section 2(c), we considered the 
situation in a real crystal of the same size with a 
unit cyclic cell. In the following, however, we 
consider a real crystal which is made of a number 
of cyclic cells. In other words, we consider a 
crystal which contains a regular distribution of the 
same kind of defects. Assuming intuitively that 
the volume change due to defects does not depend 
on how these defects are distributed, (excluding 
any possible mutual interaction such as formation 
of pairs and so on) we can obtain the volume 
change per defect by calculating the volume change 
due to these regularly distributed defects. 

Consider the relaxing process across boundary 
walls in the case of regularly distributed defects. 
The relaxing procedure in this case corresponds to 
relaxing the average value of normal stress across 
the boundary wall and the additional deformation 
due to this will give the uniform dilatation of the 
whole crystal. The average value of forces exerted 
from the neighbouring cyclic cell on the lattice 
points on the boundary plane of a cyclic cell is 
calculated in the following way. 

Consider the 1-component force F,(L,/2, 
X,) exerted on a lattice point (L,/2, x, xs) 
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“[e(F +; ets 9! )+6(f45 


L, L, 
+4(> +5 » Xa, X 3+ 5) +8(= 


L. 
+8( 45 ‘s) 
L, a 
tals pest) 


tet; »X3 alt+s 


o(e 
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a 
7 a> *s) + 


a a LD, 
a +5 » Xa, Xg— =] ~48,($ tnt) + 


a 
a 


a 
~, Xg) X3— ;) | 


(5.30) 


Replacing £,(*;, %2, %3) in (5.30) by the expression (2.6) and summing up F,(L,/2, x», x3) over 


the plane x, = L,/2, 


ame 


(x2, %3) 


where JN, is the number of lattice points on the 
plane. Replacing Q,(q,, 9,0) by the approximate 
formulae (4.20) and (4.21), for the F; system 


N (is fAV2F\ 
F, | —, %2,x3 ) = —N,( —— (5.32) 
a 1 2 2,3 8 N 


(X2, X3) 


for the Fy; system 


iy L 
% F, (F. Xo, X3 


haut 

(x2, x3) 

The uniformly distributed forces normal to the 
surface of the rectangular unit cyclic cell cause a 
uniform dilatation of the crystal—the uniform 
change of the lattice parameter a to a(1-+é) in the 
case of a cubic crystal. The value of 6 is given by 


1 
8 =(F,/A) - 
ae 
where F, is the value of the force applied on each 
of the lattice points on the surface. 
Considering that 


SF 
honest 


(5.34) 


F 


n~ 


the volume change AV = 38 - L,L,L, is given by 


for the F; system 


(A V ry 


% F(Fim *s) 2AN,[=O,(q,, 0, 0)e™ — 2 Oi q;,0, 0)] 
Pe 2 2 8 " >? 1» 


and for the F; system 


In the first approximation for a vacancy, the 
volume change due to distortion becomes zero 
because of the condition (5.28). In the second ap- 
proximation the volume change due to distortion 
becomes 


(OP scones = — 0-50 x 10-? a® (5.38) 


where the negative sign means the shrinkage of the 
crystal. On the other hand, the removed atom con- 
tributes the increase of volume by 


AV = +0:°25 a® 
in the case of a Schottky defect. 


(d) Formation energy of a Schottky defect 


Consider the formation energy of a Schottky 
defect. Using the equation (4.1) the formation 
energy of a vacancy Ey is 


1 
Ey 29 (nl g¢rhy F 
>> " , , , 
F321 +€(r") (74 €(r') 1) Poi’ Hy 5 
where E, is heat of sublimation per atom and 


E, = —} 244): (5.40) 
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Using (2.18) which is equal to the second term 


of (5.39) and 


di 


—— 


om 


——+ 
7 


‘ 1d 1*4 
S E a(- ) +4(ER')?- (- *) ] (5.41) 
iim dr r dr” Jf 


where summation over /is to be taken over first and 
second nearest neighbours to the vacant lattice 


Lie! 
<(r 


points, (5.39) becomes 


] “ dd 
By=— > [e#(=)_ ]+2- 642) 


i a ar 
} 
i 


The first term in (5.41) represents the “relaxation 
of energy” due to surrounding distortion. The 


value of the “‘energy relaxation” term is 
—0-455 x 10-* erg in the first approximation 
and 
-0-593 x 10-1 erg in the second approximation. 


Both of the values are very small (about 0-4 per 
cent) compared with the value of E, 


E, = 1-412 x 10-* erg. 


6. CONCLUSION 
So far the distortion around a defect has mainly 


been obtained by applying isotropic elasticity 
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theory. The results obtained by the method devel- 
oped above may be more reliable compared with 
these previous calculations not only for the distor- 
tion in the neighbourhood of defects but for the 
distortion in the macroscopic scale. 

Furthermore our method should be powerful in 
discussing the change of physical properties due to 
the surrounding distortion. An example will be 
shown in Part II for X-ray effects. 
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Abstract—Studies have been made of the melting and freezing of near-perfect platelets of p- 
toluidine. It has been shown that a perfect face of a p-toluidine platelet can be heated appreciably 
above its melting point in contact with its own melt without detectably melting. It is implied that the 
free-energy curve of a solid phase does not have an abrupt discontinuity at the melting 
point as would be required by the LINDEMANN concept of melting. 


It has been widely assumed that a crystalline 
phase cannot exist above its melting temperature. 
LINDEMANN") in his theoretical treatment of the 
melting temperature, explicitly postulated that 
melting occurred by an internal break-down of the 
crystal lattice. Later more refined theoretical 
estimates of the melting temperature * 4) are 
subject to the same implicit assumption. This is 
equivalent to assuming that the free energy curve 
of the solid phase terminates discontinuously at 
the melting point, and cannot be extrapolated 
above the melting temperature. 

The LINDEMANN hypothesis is supported by the 
general observation that a solid cannot be heated 
above its melting point without melting. From the 
viewpoint of transformation kinetics the absence 
of superheating during fusion can be equally well 
accounted for by assuming no kinetic barrier to 
the melting process. It is not necessary under this 
assumption to demand a discontinuity in the free- 
energy curve. 

It is the purpose of this paper to present evidence 
that p-toluidine can be superheated above its 
melting temperature in the absence of the usual 
mechanism of melting. From this it follows that 
the free energy curve of the solid phase is continu- 
ous through the melting temperature. 

It is concluded that a surface intersected by 
screw dislocations may freeze or melt by ‘the 
FRANK mechanism with essentially no kinetic 
barrier. On the other hand, it is shown that a 
perfect surface can advance or recede along its 
normal by a two-dimensional nucleation mechan- 


ism. An appreciable rate of freezing or melting of 
a perfect surface should thus occur only at a critical 
amount of supercooling or superheating respec- 
tively. The results of experiments on near-perfect 
platelets of p-toluidine are in agreement with these 
two melting mechanisms. 


EXPERIMENTAL 
A. Seeding of supercooled liquid 

The vessel shown in Fig. 1 was used to grow platelets 
of p-toluidine, which were then used to seed supercooled 
melt in the same vessel. The temperatures in the upper 
and lower sections were controlled independently. 
Water was circulated through each jacket from a constant 
temperature bath. The upper limit of supersaturation 
was controlled by the reservoir temperature, 7'r, and the 
condensation temperature, Tc. The temperatures were 
measured by passing the effluent water from the jackets 
through thermometer wells. These temperatures agreed 
with the bath temperatures within 0-1°. 

The p-toluidine platelets were grown on a glass fiber 
about 100 in diameter and drawn on a glass rod. The 
rod was held by a cork stopper and could be raised or 
lowered manually. With the fiber tip in the upper 
section, the temperatures were adjusted (Tc = 30°C, 
Tr & 48°C) and supercooled droplets condensed on the 
fiber. The droplets were frozen by seeding and the fiber 
was replaced in the condensation section. Further 
growth on the fiber resulted in a colony of platelets. 

Occasionally one of the platelets grew downward and 
clear of its neighbors. The reservoir was then cooled 
below the melting point of p-toluidine. This experiment 
is only possible because p-toluidine can be supercooled 
as much as 15-—20°C in a glass container. 

The rod bearing the seed platelet was pushed down- 
ward until the crystalline material was immersed in its 
supercooled melt. Two behaviors were observed. At very 
small supercoolings the platelet could be seen growing 
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Fic. 1. Growth and Seeding Vessel. Platelets are grown 
in upper section and after temperature adjustment are 


lowered into supercooled melt in bottom section. 


through the melt as a platelet. At larger supercoolings 
the first evidence of growth was seen, not at the fiber tip, 
but at the container wall about 1:5 cm from where the 
platelet was introduced. The new growth sites were 
located at the intersection of the projection of the plane 
of the seed crystal with the container walls. A few seconds 
elapsed between the introduction of a seed platelet and 
the appearance of growth at the wall, Nucleation of the 
solid never occurred at the vessel walls at the super- 
coolings in question without the introduction of the 
platelet. It was assumed that the platelet grew to the wall 
unobserved because of the small difference of index of 
refraction between solid and liquid. The wall growth 
sites were generated when the platelet grew into the wall 
and visible growth spread from these sites. 

In Table 1 a few representative experiments are 
tabulated. 


Table 1 


Amount of Supercooling Type of Growth 
AT(°C) 


Platelet Growth 
Platelet Growth 
Visible Growth at Walls 


Q- 
1: 
4: 


uw 


naw 


It was only possible to state that the platelets were 
growing in their own plane at least a 100-fold faster than 


they were thickening, under all circumstances observed. 


B. Seeding of supercooled lens 

To eliminate the effect of the vessel walls, the reservoir 
section was filled with water saturated with p-toluidine. 
A lens of molten p-toluidine was floated on the water 
surface. A cluster of quite small (0-5 mm) p-toluidine 
platelets was grown on the fiber tip. The cluster was 
immersed in the lens at a supercooling of 1:5°C. A 
correction was made for the freezing point lowering 
caused by dissolved water. 

The droplet viewed from above was distorted out of 
its circular cross-section by a growing platelet. The sur- 
face tension of the distorted lens finally broke the 
platelet-fiber junction. The platelet was spewed out of 
the p-toluidine droplet by the sudden acceleration caused 
by removal of one static force. The process repeated a 
number of times. A platelet finally grew around the 
supporting fiber and ejection became impossible. 


C. Microscopic observation of freezing droplets 

The freezing of p-toluidine droplets 200-300y in 
diameter has been observed at 100 magnification. 
Small clusters of p-toluidine crystals were scattered on 
the surface of a tin oxide coated plate of pyrex. The 
clusters were cautiously melted by passing a current 
through the conducting layer of tin oxide. For the most 
delicate control the temperature of the pyrex hot stage 
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was raised almost to the melting point of p-toluidine and 
the final temperature increment was furnished by a 
variac controlled microscope light. ‘This technique 
circumvented the temperature lag of the pyrex plate. 
It was possible to observe lateral growth rates as low as 
5u/sec. 

When most of the crystals were melted, but while some 
few still remained at about 10u in diameter, the tempera- 
ture of the droplet was lowered below the melting point. 
With care it was possible to grow and melt the same 
crystal several times. The crystals grew as platelets on 
the top surface of the droplet. The growth rate was many 
times faster in the plane of the plate than normal to the 
platelet. 

On a few occasions platelets grew under accidental 
restrictions, which gave some information on the thicken- 
ing rate. A blade grew radially from a heavier cluster of 
crystals in the center of the droplet as viewed from above. 
As the blade grew it was bent by the surface tension of 
the droplet to conform to the surface of the droplet. 
Suddenly the breaking stress was exceeded and the blade 
broke perpendicularly to its growth direction well back 
from the growing end. Growth proceeded in the new 
plane and the breaking process repeated. As many as ten 
fractures might occur before the platelet reached the hot 
stage surface. Some platelets grew with a diminishing 
width and the fracture pattern became more closely 


spaced as the blade width diminished. 


D. Melting of platelets with local heating 

Transparent platelets were grown on a glass fiber in a 
vessel described in a previous publication.) The growth 
chamber was arranged horizontally and provided with 
double optical pyrex windows in the condenser jacket. 
The platelets could be observed clearly at 32 x magni- 
fication with a binocular microscope. The platelet 
thicknesses ranged from 5-10 for the experimental 
samples. The surfaces were free of structure at the 
magnification used. 

A loop of 1 mil tungsten wire provided with current 
leads was introduced into the growth chamber. A small 
current was passed through the loop and was increased 
until a small crystal of p-toluidine melted upon contact 
with the tungsten wire. The tungsten wire bearing drop- 
lets of molten p-toluidine was brought into contact with 
the large face of a 5-10 thick platelet. The molten 
p-toluidine spread along the length of the tungsten 
p-toluidine platelet interface. The melt served as a 
glue. 

Melting occurred laterally, starting at the intersections 
of the tungsten wire with the crystal periphery and 
following the wire. At lateral melting velocities of about 
3 x 10-* cm/sec, no melting was observed normal to the 
plane of the plate. Since heat of fusion was being ab- 
sorbed at the melting front and not at the center of a 
platelet, the center portion was at a somewhat higher 
temperature than the solid-liquid interface. It is not 
possible to compute the temperature difference with the 
available data. When a tungsten wire bearing no molten 
p-toluidine was touched to a platelet face a hole was 
melted through the face. 


DISCUSSION 
A. Dislocation mechanism of melting 

The mechanism of crystal growth from the vapor 
or from solution is well understood. It was pointed 
out by Grsss‘® that perfect crystal surfaces must 
grow by a process of two-dimensional nucleation. 
The detailed analysis of GrBBs’s suggestion has been 
treated’ ® % 10) kinetically by a number of in- 
vestigators. It has been concluded that crystal 
growth can only occur on perfect low index sur- 
faces at supersaturations in excess of a critical 
value. 

FRANK") has pointed out that most crystal 
surfaces are imperfect. Specifically if a surface is 
intersected by a screw dislocation, a growth step is 
always present and growth can occur at very small 
supersaturations. A large body of observations !?? 
of spiral growth markings support FRANK’s pro- 
posal. 

The growth of crystals from their own melt— 
freezing—and the complementary process-melting 
—are not well understood. The author“*) has 
demonstrated that the FRANK dislocation mechan- 
ism is operative in the growth of certain faces of 
PbIz from the melt by observation of spiral growth 
traces. This single observation contrasts to the 
many crystals grown from the vapor or from solu- 
tion upon which spiral growth traces have been 
observed. 

Recently HiLtic and TurRNBULL“* have re- 
viewed the available measurements on the linear 
velocity of freezing as a function of the amount of 
supercooling. They show that the available em- 
pirical data may be represented by the relation 


1 — A- AT (7540.08) (1) 


for small undercoolings where i is the linear freez- 
ing rate, A7, is the supercooling and A is a con- 
stant characteristic of the material. HILLIG and 
TURNBULL“? further point out that previous treat- 
ments" 16) of the freezing velocity, unlimited by 
heat transfer, have given a relation 


1—B-AT (2) 


subject to the assumption that every surface site, 
or a constant fraction thereof, acts as a growth 
site. 

To account for the discrepancy 
equations (1) and (2) they assumed that the number 


between 
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of growth sites per unit area is a function of under- 
cooling. The proper functional relation between 
available growth sites and supercooling was ob- 
tained by the assumption that freezing occurs by 
the screw dislocation mechanism. They obtained 
the relation 


3(AS)2D(AT)? 
42V,,RTy 


(3) 
m 
where / is the linear freezing velocity, AS is the 
molar entropy of freezing, D is the pertinent 
diffusion coefficient, V,, is the molar volume, y is 
the solid-liquid interfacial free energy. The dis- 
crepancy in the exponent of AT between equations 
(1) and (3) is qualitatively accounted for since the 
thermal interaction of adjacent spiral steps is 
neglected. They obtained very satisfactory agree- 
ment between the calculated and measured pro- 
portionality constant A. 
B. Consequences of two-dimensional nucleation 
mechanism for melting 
If freezing occurs on certain crystallographic 
surfaces by the dislocation mechanism it is an 
immediate consequence that the same surfaces 
must be atomically smooth in contact with their 
own melt in the absence of screw dislocations. A 
spiral growth marking would not form on a rough 
surface intersected by a screw dislocation. All 
sites or a constant fraction thereof would be add-on 
sites and the screw step would not be a favored 
growth site. Step rotation and the spiral marking 
would not occur. Similarly a rough surface would 
grow into its own melt at a rate linearly dependent 
upon undercooling, since the fraction of growth 
sites would be independent of undercooling. 
The nucleation rate of new layers is given by* 


{ may ;°M | 


N=Bex 
=P | pAF,RT | 


(4) 
where a is the interlayer spacing, M is the mole- 
cular weight, B is the proportionality constant, y, 
is the solid-liquid interfacial tension, p is the den- 
sity of the solid phase, AF, is the molar free 


* The above treatment follows that given in refer ence 
(5) except the volume free energy of transformation is 
given in terms of supercooling or superheating, AT, 
instead of supersaturation, «. 
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energy of solidification, k is the molecular gas 
constant and 7 is the absolute temperature. 
Equation (4) is valid only for slow nucleation rates 
so that the nucleation time for a second layer is not 
affected by the nucleation and lateral growth of the 
first layer. 
The free energy of solidification or fusion may 
be written 
AH; 
—— AT 
T 


(5) 


where AH is the heat of solidification, Jo is the 
melting temperature and AT is the amount of 
supercooling. Equations (4) and (5) are combined 


to give”) 


| may;*M\ 
exp { ——_—— (6) 
\kpAH, AT) 


Equation (6) is solved for AT to yield 
may,;7M 


= (7) 
pkAH, |n(B/N) 


It is concluded kinetically that there is a critical 
amount of supercooling below which a perfect 
plane does not advance normal to itself at a detect- 
able rate. Conversely an infinite perfect surface in 
contact with its own melt should not measurably 
recede in the direction of its normal until a critical 
amount of superheating is reached. 

In practice this means that a crystal bounded by 
perfect faces may be superheated substantially 
above its melting point in contact with its own 
melt as long as a dislocated surface or an edge is 
not simultaneously superheated since the crystal 
could then melt by recession of the dislocated sur- 
face. Conversely a droplet of melt may be super- 
cooled in contact with a perfect surface. 

The critical amount of superheating, A7T*, or 
supercooling can be estimated numerically from 
equation (7) using a =3 x 10-8 cm,“®) M = 107 g, 
p 1-12 g/cm’, T = 316°K, N = 1 nuclei/cm? 
sec. and B ~ 107° sec-!. The value of y; is estim- 
ated by the relation“ 


0-3AH, 
Nie 


(5) 


Where N is Avogadro’s number and V is the 
molar volume of solid p-toluidine. 
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Numerically solving equation (8) gives 
y; = 28 ergs/cm? 


Introducing this value into equation (7) gives the 


result 
AT* =7°C. 


Since N is a very steep function of AT, the value of 


AT* is insensitive to the assumed value of N. 
The rate of step advance, v, involves a fixed 
fraction of growth sites, i.e., kinks in the step and 
should be related to the supercooling by the re- 
lation“! 16) 
DxASxAT 
v= (9) 
IRT 


Solving equation (9) numerically with the values 
D = 10-> cm?/sec. and 1/=3x10-8 cm. it is 
found that 

v = 50 cm/sec. 


This velocity is too high since the equation was 
derived for small supercoolings. However, it 
indicates that a nucleus grows rapidly enough 
laterally to avoid interference in the nucleation of 
the succeeding nucleus. 


C. Anisotropy of freezing and melting rates 

Independent evidence on growth®® and eva- 
poration? indicates that a vapor deposited plate- 
lets of p-toluidine contain a crossed set of screw 
dislocations in the lateral plane and are free of 
screw dislocations normal to the lateral plane. 
When such a platelet was introduced into molten 
p-toluidine supercooled 5°C or less, the platelet 
grew into the melt as a platelet, and it was estim- 
ated that it grew at least a hundred times faster in 
its own plane than normal to it. 

A somewhat more accurate 
anisotropy in growth rates can be made from the 
microscopic observations of the freezing of 
p-toluidine droplets. On some occasions, it will be 
recalled, a single blade growing along the upper 
surface of a droplet was periodically fractured per- 
pendicularly to the growth direction by surface 
tension forces. 

To account for the uniform spacing of fracture 
lines it is necessary to assume either a constant 
fracture stress and a constant thickness or a variable 
fracture stress and a variation in thickness such 


estimate of the 


that fracture always occurred at the same beam 
loading. The latter assumptions are extremely im- 
probable. Since the platelets are believed to have 
high elastic strength the first assumption is reason- 


able. 


The maximum stress, o*, in a bent beam supported at 
one end occurs at the support. The maximum stress 
developed in a uniformly loaded beam of length, /, 
thickness, 7, and width, w, is given by 


3Fl? 


7 


(10) 


where F is the load per unit length. 
A blade which is loaded by the forces of surface tension 
supports a uniform load given by 


F = 2ycos6é (11) 
as well as a concentrated end load. The concentrated 
load is equivalent to a uniform load, F,, given by 


2y cos 8 w 
F,=-——— (12) 


Hence the maximum stress on a p-toluidine blade is 
obtained from equations (10), (11) and (12) 


Since the fracture spacing was constant to within 10 
per cent for a series of seven or eight fractures, the plate- 
let thickness remained constant to within 10 per cent for 
the amount of lateral growth involved. The platelet 
thickness can be estimated by estimating the fracture 
stress by a second method, namely, 


o* = EF (13a) 
where e* is the fracture strain and E is YOUNG’s modulus 
for p-toluidine. The estimate is made that «* = 0-01. 
The platelets appear to behave as near-perfect crystals, 
and fracture or bending of near-perfect crystals(*!» **» 2%) 
occurs at strains of this magnitude. No measurements 
are available on elastic constants of organic crystals. 
From compressibility data‘) with the assumption of 
isotropic elastic behavior and a Poisson’s ratio of 1/3 
the estimate is made that F = 10!° dynes/cm?. Combin- 
ing equations (13) and (13a) it is found that 


w\ 6y cos 6) * 
Me nod 
| L/] we*E } 
The numerical values / ~ 2 x 10-8 cm, w ~ 2 107% cm, 


y 35 ergs/cm? (5), and cos @ 1 are introduced to 


(14) 


evaluate 7 as 


tT~ |p 
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The result is of the right magnitude. Platelets having 
thicknesses in the fractional micron range'*®) would 
present interference colors. These platelets were color- 
less. The platelets were estimated microscopically to 
have a thickness no greater than 5x. 

It may be estimated that while lateral growth of 150yu 
was occurring, platelet thickening amounted to no more 
than 0-1n. The ratio of growth rates is of the order of 
1000 

It should also be emphasized that if a fracture strain 
«* 10-*—10-°, characteristic of imperfect crystals is 
introduced into equation (13) a crystal thickness, 
T 10-30 is deduced. This thickness is well above the 
upper limit allowed by visual estimation. 


D. Evidence for superheating 

A perfect face of a p-toluidine platelet of 5-10u 
thickness is placed in contact with a one mil 
tungsten wire, which is above the melting point of 
p-toluidine 
toluidine. The platelet is held to the wire by the 


and carries some droplets of p- 
surface tension of the droplets which spread under 
the wire. The wire is probably in contact with the 
platelet through a film of the liquid. 

Melting of the platelet proceeds along the wire 
from the intersections of the wire with the platelet 
periphery. Since heat is being absorbed by the 
fusion process it may be stated qualitatively that 
the center of the platelet is hotter than the region 
in which fusion is occurring. It can be stated that 
the melting rate normal to its plane of a perfect 
face in contact with its own melt and superheated 
by a finite amount is given by 


1<3~x10-* cm/sec 


while the cooler platelet edges are melting at 
3x 10-3 
nizing that any melting in thickness of 1 would be 


cm/sec. This value is obtained by recog- 


microscopically visible on a crystal of 5—10y overall 
thickness. No evidence of melting was seen. The 
lateral melting of 1 mm. occurred in 30 seconds to 
establish a melting time. The superheating neces- 
sary to cause a dislocated surface to melt at a rate 
of 3 x 10~® cm/sec is only 0-02 C. 

Melting normal to a lateral face when touched 
with a heated bare tungsten wire is presumed to 
involve local slip. The slipped plane is bounded by 
a pair of screw dislocations of opposite hand which 
intersect the surface as easy sites for melting. 
GILMAN and JOHNSTON®’) have observed the 
generation of dislocation loops which have been 
caused by high local stresses on LiF crystals. 
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An estimate may be made of the amount of 
superheating. The lateral melting rate was estim- 
ated as 3 x 10-* cm/sec. It is assumed that lateral 
melting and freezing occur by a dislocation mech- 
anism. Thus the melting and freezing rates have 
the same functional dependency on superheating 
and supercooling respectively. The melting rate is 
estimated by equation (2) where the constant A is 
evaluated by the methods HiILtic and TuRN- 
BULL."*) A numerical equation is obtained 


1=7-0x 10-°AT" 


Introducing / = 3 x 10-* cm/sec the value 


AT =0:6°C 


is obtained. 


E. Freezing behavior 

The anisotropy in freezing rates for p-toluidine 
platelets is consistent with the observed anisotropy 
in melting rates. The lateral growth is assumed to 
involve the action of a set of crossed screw dis- 
locations. The low rate of thickening, if any, is 
interpreted as the absence of thickening at super- 
coolings of 5°C or less. 

When a platelet was immersed in molten 
p-toluidine supercooled 5°C, the first evidence of 
freezing occurred, not at the seed crystal, but at the 
wall of the melt container. The time lag between 
seed insertion and the initiation of freezing was 
consistent with the lateral freezing rate as estim- 
ated in equation (3) for a screw dislocation mech- 
anism. 

It is assumed that the rapid lateral growth was 
not detected until a platelet reached the wall. The 
interaction of the platelet with the wall generated 
screw dislocations in the crystal at the loci of inter- 
section. The observations do not serve to clarify 
the generative mechanism. Mechanical fracture 
might be involved since the platelet was imbedded 
in a relatively viscous medium. A very sharp local 
curvature might be temporarily formed when the 
lateral growth direction was forcibly shifted by the 
glass wall. 


CONCLUSIONS 

The melting and freezing behavior of p-toluidine 
platelets supports the conclusions reached from 
studies of evaporation and growth from the vapor. 
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For this substance it appears that lateral platelet 
growth into the melt occurs by a dislocation mech- 
anism whereas normal platelet growth into the melt 
occurs by a two-dimensional nucleation mechan- 
ism. 

It is shown that a perfect face of a p-toluidine 
platelet can be superheated a finite amount in 
contact with its own melt without detectably melt- 
ing. The above observation emphasizes that the 
free energy curve of a solid phase does not have a 
discontinuity at the melting point as would be 
required by the LINDEMANN™) concept of melting 
but extends into the region above the melting 
temperature. 
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Abstract—Critical points of the FE (k) function that defines constant energy surfaces in crystals are 
of importance in the problem of electronic state densities in solids, spin wave theory, lattice dyna- 
mics, and other problems. Thus, the critical points of the function defining frequency in wave 
number space cause singularities in the frequency spectrum of a crystal. In this note, the difference 
between the number of three dimensional saddle points and the number of three dimensional 
maxima and minima of such a function of three variables contained in a region is computed from the 
number of two dimensional saddle points, maxima and minima on the boundary surface of the 
region. It is shown that this is the maximum information obtainable about three dimensional critical 
points from such knowledge of the function on the boundary. 


1. INTRODUCTION 

THE purpose of this paper is to discuss and, as far 
as possible, solve certain topological problems of 
interest in solid state theory. These problems 
appear, e.g., in connection with lattice dynamics, 
in the band theory for electronic state densities, and 
in spin wave theory, in the following manner: One 
is given a function f(x,y,z) that defines the energy 
in momentum space (*,y,2-space) (or, that defines 
frequency in wave-number space) and is required 
to find the density of energy states (frequency 
spectrum). It has been shown") that the periodicity 
of f alone implies that f has a certain minimal 
number of critical points* and that a larger number 
of CP are possible; and further, that the CP will 
cause singularities in the energy level density. 
Once the nature and locations of these singularities 
is established, the qualitative features of the dis- 
tribution are known and an approximate quantita- 
tive picture of it can be subsequently obtained with 
comparatively little trouble. * 4? The location of 
CP of the function defining energy in momentum 
space is therefore of importance in a number of 
solid state problems. 

The above may make the problem of locating 
CP appear trivial. That it is not is a consequence of 


* Definition: critical points, abbreviated CP, are 
maxima, minima, and saddle points. 


the fact that the function f(x,y,z) of interest is 
not usually explicitly available.+ What is available 
is a rather complicated secular equation in which 
the solutions f are implicit, and information about 
CP of the solutions must be obtained from the 
secular determinant itself. This task is facilitated 
by the circumstance that the secular determinant 
usually simplifies greatly on the boundaries of the 
region of interest? so that it may be possible to 
locate all two dimensional (2D) CP on the 
boundary. It seems reasonable that complete 
knowledge of the 2D CP on the boundary should 
contain some information about the 3D CP 


+ The reason why obtaining (f) from the secular 
equation is not usually practical, as well as related phy- 
sical problems, is discussed in DSL. 


+ In case of the cubic lattices discussed in DSL, 
several off-diagonal terms of the secular determinant 
actually vanish at the boundary. In more complicated 
crystals, the simplification may not be as great, but still 
great enough to make the present approach useful. Since 
this simplification is likely to occur, in the practical 
problems envisaged, on the boundaries of the Brillouin 
zone, or of a figure of equal volume, or of a figure whose 
volume is a simple rational fraction of that of the Brillouin 
zone, it is likely to be one of those figures which will 
constitute the “regions of interest’’ in a solid state pro- 
blem. The general validity of the treatment given here 
is, however, not so restricted. 
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inside.* In DSL (see ref. 2), this problem of decid- 
ing just what inferences can be made from the 
boundary to the interior was solved for two dimen- 
sional spaces with one dimensional boundaries, 
and the results for three dimensional spaces with 
two dimensional boundaries were used in some 
special cases even though the formal solution to 
the three dimensional problem was not given. To 
supply the missing solution will be the main pur- 
pose of the present paper (Sect. 4). We shall find 
that topological arguments will enable us to use 
knowledge of the 2D CP on the boundary to 
deduce the difference between the number of 3D 
maxima and minima (M, points) and three 
dimensional saddle points (S, points) inside. In 
addition (Section V) some elementary algebraic 
arguments to find an upper limit on the total 
number of 3D CP from the form of the terms of 
the secular equation are given, but the upper limits 
found are too high to constitute a substantial 
additional restriction on the number of CP. 
Except for physical illustrations the problem is 
treated as a mathematical one in the belief that it 
may have some intrinsic interest as such and also 
have applications other than the ones mentioned 
above. + 
2. NOTATION 

We write CP for critical point and nD for n-dimen- 
sional. CP are either maxima, minima, or saddle points; 
and S, point is an nD saddle point and Mz point is nD 
maximum or minimum. Superscripts on these expres- 
sions are explained in Sect. IV, as are the auxiliary terms 
“‘finger’’ and “‘hole’’ (with reference to Fig. 2). Small 
letters denote the number of entities present that are 
described by large letters; thus m®, is the number of M°, 
points present (in a given region). 

Cnh=m,t+5,, dp=My—Sp. 


* This guess is perhaps prompted by our experience 
with the boundary value problems of mathematical 
physics in which fairly complete information about the 
function on the boundary together with a relationship 
between the derivatives of the function that holds every- 
where is known often to determine the function at points 
inside completely. In the present “boundary value pro- 
blem’’, both the given and the required information is 
less complete. 

+t Problems of this nature were originally treated by 
M. Morse, Calculus of Variations in the Large, Am. 
Math. Soc., Providence, 1934. Physicists interested in 
the mathematical theory are likely to find the exposition 
by H. SEirertT and W. THRELFAL, Variationsrechnung im 
Grossen, Chelsea, New York, 1948, more readable. The 
present paper makes no attempt at mathematical rigor. 
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3. FORMULATION OF THE PROBLEM 
Consider a smooth function f(x,y,z) of three real 
variables. At some point xj, yi, 21 let the value of f 
be A;. Usually there will pass through this point 
exactly one surface, that defined by 


f(x,y,2) — A; 


on which f retains the same value A,. There may 
however also exist exceptional points, through 
which the surface (1) degenerates into one isolated 
point, or through which (1) defines two surfaces 
which touch or intersect at that point. In the 
former case, we say that the point x,y,z is a maxi- 
mum (or minimum as the case may be) of f; in the 
latter case, that it is a saddle point. Collectively, 
maxima, minima, and saddle points are called 
critical points (CP) and surfaces of constant f which 
go through a CP are called critical surfaces. 

If a TAyLor series of f about x,y,z exists, then a 
necessary and sufficient condition that x,y,z be a 
CP is that all three coefficients of the linear terms 
in the TAYLOR series vanish, or, put differently, 
that the partial derivatives of f with respect to each 
of the three variables vanish. In that case it is 
possible to describe the surfaces through and near 
CP in the language of elementary analytical 
geometry. Near a maximum or a minimum (a M, 
point), surfaces of constant f are then small 
ellipsoids or spheres (the critical surface itself 
being a sphere of radius 0), and near a saddle point 
(an S, point) some surfaces of constant f are 
hyperboloids of one sheet and others hyperboloids 
of two sheets (the critical surface itself being a 
double cone). In a small enough neighborhood of 
an ordinary point, on the other hand, the surface 
of constant f through it will appear as a plane. For 
functions of only two variables, 2D CP are 
similarly defined: in 2D a curve of constant f is a 
straight line near and through an ordinary point, a 
small ellipse near a maximum or minimum (M, 
point) (the critical curve itself being a circle of 
radius O) and a hyperbola near a saddle point (S, 
point) (the critical curve itself being two inter- 
secting or touching straight lines). The shapes of 
critical curves in 2D and of critical surfaces in 3D 
are illustrated in Fig. 1. Note that in 2D as well as 
3D, curves and surfaces, both ordinary and critical, 
may be distorted at will without changing their 
qualitative shape. 


(1) 
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Given a function f of three variables defined 
throughout 3D space, we may center our attention 
on some 2D surface Z and the curves of constant f 


©) 


Fic. la 


\ 


Fic. le 


Curves or surfaces through or near a critical 


point. 


(a) Curves through and near a 2D min. or max. (M, point) 
(b) Curve through and near a 2D saddle point (S, point) 
(c) Surface near a 3D min. or max. (M, point) 

(d) Surface through a 3D saddle point (S, point) 


(e) and (f) Surfaces near a 3D saddle point (S, point) 


The surfaces (e) fit inside the two cones of (d), and (f) 
fits around them. 


on » (these are the curves resulting from the inter- 


section of S with the surfaces of constant f). Some 
points of 2 will be 2D CP of f in the sense of the 
above definition of 2D CP if we consider Z as the 
domain of definition of f, and we shall call those 
points “2D CP of f with respect to the surface 2” 
or, less precisely, we shall say that the function of 


three variables f “has a 2D CP” at that point on 
2.* 

The question to be answered is: given the num- 
ber and nature and location of 2D CP of a function 
f ona closed 2D boundary bounding a 3D region, 
what can we say about the 3D CP inside? It is the 
3D generalization of the 2D problem treated in the 
last two paragraphs of Section 3 of DSL. 


4. DERIVATION OF RESULTS 

The simplest situation we can conceive of is that 
the 3D region contains no CP at all. On a 2D 
boundary enclosing such a region the functions will 
take on a maximum on at least one point and a 
minimum on at least one other: the surface will 
contain at least two Mg points. This simplest 
situation is illustrated in Fig. 2a. Additional 
2D CP may be put on the boundary by merely 
distorting the boundary without changing the 
nature of the contour surfaces. This may be done 
in two ways: by making a depression (a hole) in 
the sphere or by creating an elevated area (a finger) 
on it. This is illustrated in Fig. 2b1 and 2cl 
respectively (these figures serve also to define 
“hole and finger’’ unambiguously), and the way 
the relevant contour surfaces are affected is also 
shown. As our deductions must be made only from 
the contour lines appearing on the surface, the 
shape of the boundary surface is irrelevant and we 
can redraw Figs. 2b1 and 2cl so that the boundary 
surfaces look like spheres, provided only that we 
are careful not to make any qualitative changes in 
the contour lines. It is done in Figs. 2b2 and 2c2, 
respectively. ‘To a person who (unlike the artist 
who prepared Figs. 2a, 2b1, 2cl, 2b2 and 2c2) is 
unable to see through a closed boundary surface 
and who will therefore be unable to see the contour 
surfaces inside the region, Figs. 2b2 and 2c2 will 
look like 2b3 and 2c3 respectively. 

We observe that Figs. 2b3 and 2c3 each have one 
more M, point and one more §, point than Fig. 2a. We 


* Example: the function f(x,y,z) = z has no 3D CP 
at all; but if we chose to consider the behavior of f on 
the surface 2 defined by x? +y?+2? = 1, we find that 
the lines of constant f are circles defined by @ = arctan 
2/(x* +y?+27)! and that for @ = 0, 7 these 
circles have radius 0. We then say that the point 
6 =0(@ =7) on 2 is a 2D maximum (minimum) of f 
with respect to 2, or, less precisely, that at the point 
6 =0(8 =7) on 2, f has a 2D maximum (minimum). 


const. 
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Fic. 2c3 


Fic. 2b3 


Fic. 2. 2a, 2b1, 2c1, 2b2, 2c2 show transparent closed boundary surfaces, and contour surfaces of constant f 
inside. Detailed explanation in text. 2b3 and 2c3 are the same as 2b2 and 2c2, except that the boundary surface 


is drawn opaque, and only the contour lines on the boundary surface are indicated. The critical curve is the 

one marked by an arrow in figures 2b3 and 2c3; the critical point on the surface (S, point) is the one on the 

critical curve at which the two circles touch; the curves through and near the S, point can be made identical with 
Fig. 1b by a simple distortion. 
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must now determine whether the S, points in Fig. 2b3 
and 2c3 differ in any essential way. The answer is yes, 
but not for the superficial reason that they /ook different. 
They do look different, to be sure: in Fig. 2b3 the critical 
curve looks like two circles touching from the inside, in 
Fig. 2c3 like two circles touching from the outside (a 
“‘figure-8’’). We can show however that this in itself con- 
stitutes no real difference, for as long as we consider 
Figs. 2b3 and 2c3 merely as drawings on a closed surface 
we can distort 2b2 until it looks like 2c2: enlarge the 
“‘outer’’ circle of the saddle point curve in 2b2 in a con- 
tinuous way until it becomes a great circle, then compress 
it on the other side of the sphere. A “‘figure-8’’ as in 2c3 
results. In other words, as long as we consider the bound- 
ing surface only, all we can say is that the critical curve 
divides the boundary into three regions, viz. two 1-gons 
and one 2-gon; this is true in Figs. 2b3 and 2c3 both, 
regardless how either is drawn.*t There does exist a real 
difference between the S, point in Fig. 2b3 and the one 
in Fig. 2c3 nonetheless. To detect it we must leave the 
surface and enter the inside of the 3D region, though 
only a small distance. In Fig. 2a, a contour surface ran 
through the line marked by an arrow. The same is still 
true for Fig. 2c1, but the critical surface has an additional 
part, the part running the finger: the 
critical surface inside the boundary consists of two 1- 
gons which touch at the S, point. The same statement 
applies to Fig. 2c3, for 2c1, 2c2 and 2c3 were constructed 
to be topologically equivalent. In Fig. 2b1, on the other 
hand, the “‘arrow’’ curve of Fig. 2a has had a hole 
punched in it and has become a 2-gon whose two vertices 
touch from the outside (at the S, point), and the same is 
true for Fig. 2b3 which is topologically equivalent to 
2b1. The real difference between the S, point in Fig. 2b3 
and the one in Fig. 2c3 may therefore be described thus: 
in Fig. 2b3 the 2-gon on the boundary is connected by 
a contour surface inside the boundary (we shall call such 
a CP an S*, point) whereas in Fig. 2c3 each of the two 
1-gons on the boundary are connected by a contour 
surface inside the boundary (we shall call such a CP 
a S', point) and it is in that sense that we shall use the 
work ‘‘connected’’ in the future. 

A similar but somewhat more easily described differ- 
ence exists between the newly added M, points in Figs. 
2b2 and 2c2. The surface through the new M, point in 
Fig. 2b2 touches the boundary from the inside (we shall 
call this CP an M‘, point) whereas in Fig. 2c2 the surface 


“‘underneath’”’ 


* An n-gon is a closed 2D figure bounded by 2 arcs 
which meet at m vertices. In ordinary geometry, the 
bounding arcs are required to be straight lines and there- 
for n > 3. In topology the bounding arcs need not be 
straight lines, and all m > 1 are therefore possible. 

+ Perhaps a remark concerning the topological equival- 
ence of spherical surface and plane will clarify the situa- 
tion further. After “‘deleting’’ (punching out) one point 
on a spherical surface, that surface may be distorted into 
a plane. An S, point on the plane will look like the one in 
Fig. 2b3 or in Fig. 2c3 according as the deleted point is 
picked in one of the 1-gons or in the 2-gon. 


ROSENSTOCK 


through the new M, point touches the boundary from 
the outside (we shall call this CP and M®, point). Both 
the original M, points in Fig. 2a are M°, points. 


The distinction between S'z and S*, points, and 
similarly between M° and M‘s points, can, as we 
said before, be made by leaving the boundary for 
a short distance only, which in practice means by 
expanding the function whose property we are 
studying about the CP and keeping only the 
lowest relevant terms. This is feasible even if the 
function is known only implicitly from the secular 
determinant; one then expands the latter. As part 
of the “given’’ information referred to at the end 
of Sect. 3, we shall therefore expect to be told, 
for purposes of the present problem, whether each 
Se point is S's or S*s and whether each Mg point is 
M‘, or M%. The discussion may be summarized 
thus: putting a hole in a boundary adds one M‘g 
and one S*. point to the boundary surface and put- 
ting in a finger adds one M% and one S'z point. 

Next we must determine what happens to a 
boundary surface if a new Mg or Sg point previously 
outside the boundary is introduced into the in- 
terior (this can be done either by a slight distortion 
of the contour surfaces or, as it is depicted in going 
from Fig. 3a to Fig. 3b, and in going from Fig. 
3c to Fig. 3d, by a slight distortion of the bound- 
ary). In introducing an M, point it is seen (Figs. 
3a, 3b) that one M% point is removed from the 
boundary and one M‘y point added. In introducing 
an Ss point it is seen (Figs. 3c, 3d) that one M®, 
point and one S*z point are added to the surface. 

Let m%, m'o, sto, s*2, f and h, respectively be the 
number of M%, M‘s, S's, S*s points, fingers and 
holes on a boundary and let mg and sg be respec- 
tively the number of Mg and Sz points inside. ‘Then 
we can write the results established in the pre- 
ceding two paragraphs as follows: 


2+5,—m,+f, (2a) 
m,+h, (2b) 
f, (2c) 
Sg+h. (2d) 


m°. 


Using eq. (2c) to eliminate f from (2a) and (2d) 
to eliminate h from (2b) gives 


(3a) 


m,—Ss, = 2—m", +5}, 
and 
(3b) 


. i 2 
M,—Sz = m',—s*,. 





CRITICAL 


POINTS IN THREE 


DIMENSIONS 


Fic. 3. The large, heavily outlined figures represent boundary surfaces on which contour lines of constant f 
have been drawn (as in Figs. 2b3, 2c3). The small figures on the left of Figs. a and c represent critical contour 
surfaces about to enter the boundary. Detailed explanation in text. 


We thus have two expressions which give the 
difference mg—s3, and we cannot compute either 
m, or S, from them.* 

The fact that only mg—sg3, but not either mg or 
sg has been obtained is disappointing but not sur- 
prising, for one can add S, and M, points in pairs 


* One can verify that the two relations are consistent 
by equating right hand sides. The resulting equation may 


be written m°,-+-m',=2+s1,+-s*,, which says simply that 
the total number of M, points on any closed surface 
exceeds the total number of S, points by 2. This is 
certainly true for any surface, regardless of what may be 
inside, for a surface with no S, point has exactly two 
M, points, and adding an S, point anywhere also auto- 
matically adds one M, point. 


D 


to the interior of a volume without affecting the 
structure from a distant surface in any way. (This 
is illustrated in Figs. 4a, b.) We can therefore con- 
clude that equations (3) are the best expressions 
for mg and sg that can be obtained from purely 
topological considerations of the surface behavior 
and constitute the answer to the question asked at 
the end of Sect. 3. The situation is really quite 
analogous to that in the 2D case (DSL eq. (11)). 
Eq. (3) and the discussion leading up to it lacks 
generality in one respect. This is engendered by 
our tacit assumption that the critical curve through 
any Se point divides the closed surface into pre- 
cisely three regions, viz. one 2-gon and two 
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l-gons, as e.g. in Fig. 5a. This ignores the pos- 
sibility that one critical curve might go through 
more than one saddle point, thus forming a more 






























































Fic. 4b 


Fic. 4. Illustration of absence of effect on distant sur- 
faces of adding S, and M, points in pairs to the interior 
of a region 


complicated net of polygons (Fig. 5b, e.g. shows a 
configuration that can result when one curve 
passes through seven Se points).* It is no more 
difficult than before to establish which of the poly- 
gons are connected to themselves by contour sur- 


* In practice, such more complicated configurations 
arise quite often (see DSL). The greater the symmetry 
of the crystal, the more complicated are the configura- 


tions to be expected. 


faces passing through the interior of the region,+ 
but the simple classification of saddle points into 
S'y and S%2 points cannot be made immediately, 
and formulas (3) cannot therefore be applied 
directly. This lack of generality can be remedied 
once we observe that Se points which are so joined 
to other Se points by one single critical curve can 


2-gon 


b 


a Critical curve going through one §S, point. 
b Critical curve going through seven S, points. 


Fic. 5. 


be disjoined from them by a slight distortion of the 
boundary surface near the Sg points.{ By succes- 
sively disjoining all Sg points from all others in 
this manner, the only Se surfaces finally left will be 
ones running through only one Sg point and all 


remaining Se points will therefore be classifiable 
as S*s or S!9 as is necessary and sufficient for apply- 
ing formulas (3). The details of the disjoining 
process are considered in the appendix. 


5. FURTHER REMARKS 
In the preceding section we have shown how to 


+ Easier, in fact, for of all the joined S, points only one 
need be studied. For since a ‘‘connected’’ polygon 
bounds only ‘“‘unconnected’’ ones (except at an S, point) 
and vice versa, we know which of the polygons are ‘‘con- 
nected’’ and which are not as soon as the connectedness 
of any one of them has been established. And that, in 
turn, becomes known as soon as we know the connected- 
ness near any one of its vertices. 

+ The words “‘slight’’ and ‘‘near’’ in this connection 
mean that such distortion can be accomplished without 
adding any M, or S, points to the interior of the region 
or removing any. 
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calculate dz = m3—s3, the difference between the 
number of M, and S, points inside a region. If 
we could, in addition, find the number cs = 
m3 +53, i.e. the total number of CP inside this same 
region, then the quantities m3 = (c3+d3)/2 and 
$3 = (¢3—dg3)/2 could be computed and our pro- 
blem would be solved. In the absence of know- 
ledge of cz, knowledge of an upper limit cz > cg 
would be of some help, for we would then be able 
to deduce 


(4) 


that is to say, the possible values of m, would be 
restricted to 0, 1, 2, ... , (€¢g3-+-d3)/2 and only one 
value of ss would be possible for any m,. If c3 is an 
upper limit on the total number of CP in all space 
and not just in the region of interest, then these 
estimates of mg and sg can be further improved by 
repeating the calculation of Sect. 2 for regions of 
space other than the one of direct interest.* Calling 
(d = “mg— sg the number obtained by apply- 
ing (3) to the 7th such region of no direct interest, it 
follows that at least |(d3| C3 points occur in that 
ith region; and the upper limit cz could thus be 
replaced by the not greater number c3—|(*d3| and 
(4) by 


ms <(¢s+d;)/2, 53 = m3—d;; 


Ms <(¢3— = |(°d;| +45) 2, 53 = m,—ds. 5) 


(5) is certainly a formal improvement over (3), 
but it will be a useful improvement only if we can 
really find a number ¢, which will be a ‘“‘good”’ 
upper limit in the sense of not exceeding the true 
cg by a large number. We have not been able to 
obtain such a “good” upper limit. A brief résumé 
of possible methods for obtaining an upper limit 
may nonetheless be of interest. 


Upon expansion of the determinant the secular equa- 
tion will appear in the form 


(6) 


where the «; are functions of our variables x,y,z and n 
is the order of the determinant. The 7 solutions 
A A(x,y,2) of this equation are the functions we study 


* This is indeed often possible in cases of interest. In the 
cases discussed in DSL, the regions formed by the ex- 
tensions of the boundary planes and the planes c +- oO 
are suitable because the secular determinant also 
simplifies on the latter planes. 
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here. Partial differentiation with respect to x,y,z gives 


(7) 


Daj WA, Z jad! =0 
J j 


and two similar equations. If Az 0, it follows that 
dX jajrAi = 0. A sufficient condition for 0 Ax rj Ne 
simultaneously, i.e. for the existence of a CP, is therefore 
that (6) and the three equations 


Ya jg’ =), Bay 0, Da; A - (0) 
J J 


(8) 


all be satisfied simultaneously.t The number of simul- 
taneous solutions of k algebraic equations in k variables is, 
according to a theorem of BEzouT, equal to the product 
of the degrees of each of the equations.'*) (The degree 
of an equation is just the largest number obtainable by 
adding up the exponents of the variables in any term of 
it). (6) and (8) are four such equations in the variables 
x,y,z,A and the degrees p of (6) can be read off the 
determinant without expanding it. Each of the equations 
(8) will then be of degree p—1 and the total number of 
solutions will therefore be p(p—1)*. An example: the 
secular equations for the simple, face-centered and body- 
centered cubic lattices are from (3), (4), (5) of DSL seen 
to be of degree p = 6 (subject to the assumptions about 
forces there made), and the number of CP is therefore 
6 x 53 750. This includes those outside the range of 
interest (including also complex values of the variables). 
In all these cases the number of CP in the range of 
interest was actually found to be less than 10 (sometimes 
0, in fact), and the estimate 750 is therefore much too 
high. The same can be expected to happen in problems 
whose solution is not known, and things will probably 
get worse with increasing complexity of the crystal and 
more precise force constant models. 

The reason for the enormous overestimate of the num- 
ber of CP is the inclusion of all simultaneous roots for all 
values, including complex, of the variables. This leads 
one to search for methods which will enable one to 
count the simultaneous roots that equations will have in 
a given real domain of the variables. Such methods do 
exist for one equation in one variable‘® (e.g. STURM’s 
method gives the exact number of such roots; the 
theorem of BuDAN and FourteER, of which Descartes’s 
“rule of signs’’ is a special case, gives an upper limit with 
less labor.) We have, however, not found any extensions 
to the case of several variables. Even these one dimen- 
sional methods all involve explicit algebraic operations 
on the equations, and extensions to several dimensions, 
if they existed, would then be useful here only for secular 
determinants small enough that the expansion could be 
done with reasonable labor. 


+ The condition is sufficient but not obviously 
necessary because the vanishing of the coefficient 
Lja; A 1 of Az at a point where Az~© will also cause 
(8) to hold. Since we are interested only in an upper limit 
sufficiency is all we need here. A more detailed examina- 
tion of this point shows, incidentally, that no improve- 
ment of the upper limit will result by taking it into con- 
sideration. 





HERBERT B. 


We must therefore conclude that the developments of 
this paper that are of possible use at this time end with 


IV 
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APPENDIX 
We wish to develop a systematic procedure for dis- 
joining a saddle point from other saddle points to which 
it is joined by the same critical curve running through 








Fic. 6b 


Fic. 6d 


Illustration of disjoining of an S, point. Details in appendix. 
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them. This is to be done by distorting the surface so 
slightly that no new S; or M; points are either added to or 
removed from the interior of the surface. An S, point 
bounds 4 areas, and of these at least 3 are actually differ- 
ent (in Fig. 5b, the two S, points marked with arrows 
bounds 3 different areas, and all others shown bound 4 
different areas). It is therefore always possible to draw 
any S, point of interest as the top one in Fig. 6a (See 
footnote on p. 50 and the discussion preceding it), 
with areas marked 1 and 2 actually different. (Areas 
3 and 4 happen to be also actually different as drawn in 
Fig. 5a, but this is a detail which is irrelevant to the 
present discussion, as all details drawn below the heavy 
double line. By removing the lowest S, point, areas 3 and 
4 can be made to be the same.) A simple closed contour 
outside the critical closed contour is also shown. The M, 
points of areas 2 and 1, indicated by circles, are, or have 
by a permissible distortion been moved, close to the top 
S, point, and all other M, and S, points are or have been 
moved below the heavy double line. Now by an appro- 
priate distortion of the surface near the heavy double 
line we can make the contours look as in Fig. 6b, or, 
more fully drawn but with omission of the auxiliary 
heavy double line, as in Fig. 6c. The top S, point has 
thus been separated from the others and the figure can 
now be redrawn as in Fig. 6d. Note that in the entire 
process M, points have not been affected at all. Whether 
this newly separated S, point is an S*, or an S, point will 
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DIMENSIONS 


Fic. 8a Fic. 8b 

Fics. 7 and 8. Pictorial summary of results of considera- 

tions illustrated by Fig. 6. Cross-hatched areas are con- 

nected to themselves by contour surfaces inside the 3D 
region. 


depend on whether originally (i.e. in Fig. 6a) areas 1 and 
2 were connected to themselves by contour surfaces 
inside the 3D region or whether areas 3 and 4 were so 
connected to themselves. That is to say, if originally areas 
3 and 4 were so connected, as shown in Fig. 7a, then Fig. 
7d indicates that the newly disjoined S, point is an S*, 
point, and that this has been obtained together with 
“opening up’’ the S, point in the original diagram in 
such a way that the connected areas are removed from 
contact. On the other hand if originally areas 1 and 2 
were connected, as shown in Fig. 8a, then Fig. 8d in- 
dicates that the newly disjoined S, point is an S', point 
and that this has been obtained together with “‘opening 
up’’ the S, point in the original diagram in such a way 
that the nonconnected areas are removed from contact. 

The result of these considerations is therefore the 
following simple recipe for counting S, points joined by 
the same contour lines. Pick any S, point which is 
located on the outside of the net of polygons as it happens 
to be drawn, and open it up as shown in Fig. 9. In this 
process we remove from contact either two areas which 
were connected to themselves by a contour surface in- 
side the 3D region, or two areas which were not so con- 
nected to themselves; in the former case we add one $*, 
point to our count, in the latter case we add one S', point 


\ 


‘opening up’’ process devel- 


‘ 


Illustration of the 
oped for counting S, points. 


Fie. 9. 
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to our count. In case of an S, point which bounds 4 areas 
all of which are really different, it is immaterial which 
way it is opened up; in case of an S, point which is 
bounded by 4 areas of which only 3 are really different, 
we must take care that the 2 areas removed from contact 
are the 2 areas which are really the same (for if area 1 and 
and area 2 are the same in Fig. 6a then the transformation 
in Fig. 6 will not work). Repeat the process until all S, 


points have been disjoined. M, points are to be counted 


as M‘, and M°®, just as they appear, since they are not 
affected by the disjoining process. The resulting numbers 


are to be put into either one of eqs. (3). 


2. Rosenstock H. B. 
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Abstract—Data are presented on the transient response of the ionic conductance of tantalum 
oxide films to abrupt changes in current. The response occurs in two stages, a rapid change followed 
by a slow, roughly exponential approach to a steady-state condition of constant conductance. The 
transient effects are reproducible, widely occurring, and of a basically simple form. A quantitative 
interpretation of the data is presented using a Frenkel-type model in which the charge of the carriers 


is electrically compensated by the presence of “ 


vacancies’ 


. The model is shown to be internally 


consistent and the parameters which are derived from it can, for the first time, be interpreted in 


terms of ‘‘hard’’ ion interactions. 


1. INTRODUCTION 

PREVIOUS attempts at determining the mechanism 
of high-field ionic conduction in anode films have 
been based almost exclusively on measurements 
under steady-state or quasi-steady-state conditions. 
These works have shown that while the first order 
Caprera-Mortr™) picture of the high-field process 
gives rough orders of magnitude for the kinetic 
parameters, it is incapable of accounting for the 
detailed structure of the data. Several alternative 
elaborations of the theory have been presented) 
but since these involve additional parameters and 
are based upon second order effects, a considerable 
ambiguity still exists which, at least in the case 
of tantalum oxide films, seems incapable of reso- 
lution on the basis of the steady-state data alone. 

Recent data“) on the indium antimonide system 
would seem to indicate, reasonably conclusively, 
that the interface between the indium antimonide 
and the oxide film plays a major role in determining 
the kinetics. However, one has no assurance that 
such behavior is general, and again, since only 
steady-state effects were considered, several am- 
biguities—particularly those regarding the nature 
of the mobile species—have not been resolved. 
Consideration of the conductance under transient 
conditions affords at least a partial resolution of 
the ambiguities. 

One of the most characteristic and reproducible 


transient effects which one observes in these high- 
field conduction processes is the response of the 
ionic current to abrupt changes in electric field. 
An initial, rapid change in current is observed, 
followed by a slow, roughly exponential, change 
(in the same direction as the initial one) to a new 
steady-state value characteristic of the new field. 
Directly related to this effect, and experimentally 
much more accessible, are the voltage transients 
which are observed when the current is abruptly 
varied from one constant value to another. Fig. 1 
shows the typical response of the voltage when, 
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Fic. 1. Typical voltage transients observed on increasing 
current density by a factor of 2. The ordinate gives the 
charge passed at the higher current density. 
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starting from steady-state conditions, the current 
is increased by a factor of two. The voltage drop 
across the film rises rapidly, in a time of the order 
of a ‘‘double-layer’’ charging time, passing through 
a maximum, and then a minimum, before finally 
approaching the steady-state condition of linear 
increase with time.* 

Two experimental curves are shown in Fig. 1, 
one for tantalum and the other for indium anti- 
monide. The reproducibility and almost-quantita- 
tive similarity of the decay curves for two such 
dissimilar materials is striking. Exactly comparable 
transients are observed when the current density 
is decreased abruptly, the only difference being 
that in this case the initial field is less than the 
steady-state value at the new current-density. 
Unquestionably the effect reflects some general 
element of the mechanism. In the present paper 
we present the results ot a fairly comprehensive 
study of the transient effects in the tantalum oxide 
system and show how these effects may be under- 
stood in terms of a basic mechanism. 


2. EXPERIMENTAL PROCEDURES 


The tantalum electrodes were fabricated from 0-005 in. 
foil supplied by the Fansteel Corporation. They were 
10-0 cm* using chromium-plated 


cut to an area of 


connection being made through a 
fine filament (~ 0-005 in 0-005 in.) sliced from the 
main body of the folded itself. 
The entire electrode and a short length of the filament 
were immersed in the electrolyte, thus minimizing the 


Two 


electrical 


Scissors, 


electrode and over 


area of the _ air-electrode-electrolyte contact. 


methods of surface preparation were employed, (1) 
simple degreasing in hot chromic acid, and (2) a “‘deep’”’ 
chemical etch. The etch was that used by Vermilyea 
in his steady-state studies on tantalum It was com- 
posed of H,SO,, HNO; and HF in the volume ratios 
pia2ths 


Pronounced differences in the adherence of 


films formed under the two surface treatments were 
observed,? but no significant difference in either tran- 
sient or steady-state kinetics could be detected. 


Several electrolytes were employed; these included 


* The linear increase of voltage with time at constant 
thickness 
current 


current arises because the film increases in 


at a rate directly proportional! to the ionic 
(This assumes that the film does not dissolve 
and that the 1S kept 


conditions are 


electrolyte ionic current 


constant, both of which met in the 


tantalum system in neutral or acid electrolytes.) 


+ Films formed on the etched foils were readily stripped 


] 


1 sections as large as a centimeter on a side, while 


formed on the unetched foils could not be 


boric acid, dilute sodium sulfate, and sulfuric acid 
(0-1N and 7Nn). No significant variations were observed 
from electrolyte to electrolyte and most of the data 
reported below were obtained using dilute sulfuric 
acid. 

Voltages were measured with respect to a mercurous 
sulfate reference electrode. They have been expressed 
with respect to the hypothetical reversible (i.e. un- 
filmed) tantalum electrode by adding the reversible 
potential of the cell‘® 


2Ta+5Hg,SO,+5H,O 
> Ta,O,+Hg+5H,SO0, 
E=1:'5 volts 


to the measured voltage. This removes the arbitrariness 
of the choice of reference electrode and gives a reason- 
able approximation for the voltage drop across the film 
itself. For all except the very thinnest films this correc- 
tion was practically negligible. The voltages were 
measured on a Sanborn amplifier and recorder. (Model 
Nos. 126 and 127.) These instruments have a full scale 
rise time of about 0-02 sec., as checked by measurements 
with a purely ohmic circuit. To increase the voltage 
sensitivity at high voltages a calibrated bucking voltage, 
placed in series with the reference electrode, was 
employed. 

Current densities were calculated in two ways. (1) The 
external current was divided by the macroscopic surface 
area, and (2) the rate of change of voltage with time was 
measured under steady-state conditions.} In general the 
results were found to be slightly more reproducible 
when the second method was used, reflecting either a 
variation of surface roughness from sample to sample 
or possibly a variable electronic component of the 
current through the film. The discrepancies between 
the two methods of estimating the true zomic current 
density never exceeded about 20 per cent; when dis- 
crepancies did occur, the values obtained by the second 
method were used. These have been expressed in 
upA/cm?, using the bulk density of Ta,O; and VERMIL- 


YEA’s value of 6-6 10° V/cm for the field at 1 A/sec.')§ 


3. EXPERIMENTAL RESULTS 
A. Transients starting from steady-state 
Figs. 2 and 3 summarize the results which have 
over- 


been obtained on the magnitude of the 
shoot” resulting from a two-fold increase in cur- 
rent. This has been expressed as the “excess 
field’, which is defined as the difference between 
the field at the transient maximum and the steady- 
state field at the same current density. It has been 


See reference 4 for the details of the computation. 


+ 
+ 

$ F ‘poses of conver her units 1 «A/cm? 
Q or purposes of conversion to other units LACM 
10-4 V/sec. 


is equivalent to 0-0050 A/sec. and to 3-3 





TRANSIENT EFFECTS IN IONIC CONDUCTANCE OF ANODIC-OXIDE FILMS 57 





0-035 
0-030}+—+—+4 t+ —e+ 


Excess field|. 
0:0285 


a 





0-025 
0:020 
0-015 
0-010 

lJ 
0-005 
0 


ield 


xcess f 

















2 468 20 4060 — 200 400 
1 100 


1000 

Current density pA /cm? 

Fic. 2. The dependence of excess field on the initial 

current density. For 2-fold current increase. Excess 

field expressed in units of E499 (the steady-state field at 
25°C and a current density of 200 »A/cm’. 


@ ~ 600A films; O ~ 220 A films. 


expressed in units of Zo (the steady-state field at 
a formation-rate of 1 A/sec.). Fig. 2 shows the 
dependence (really the zrdependence) of the excess 
field on current density. Within experimental error 
the excess field at these thicknesses exhibits a 
constant value of 0:0285 Epo over the current 
density range from about 2 to 400uA/cm?. Above 
this range an apparent decrease in the excess field 
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is observed. However, this is just at the limit of 
the response-time of the Sanborn recorder and the 
apparent decrease may well be spurious. Experi- 
ments using oscilloscope techniques will be re- 
quired to check this point and have not yet been 
completed. 

Fig. 3 shows the essential independence of the 
excess field on film thickness, surface preparation, 
and temperature. There appears to be a slight 
dependence on film thickness for very thin films, 
however, as in the case of the decrease of excess 
field at high current density, this could well be an 
artifact resulting from the improper estimate of 
the field from the measured voltage. 

The use, in Figs. 1, 2, and 3, of a two-fold 
increase in current density is, of course, purely 
arbitrary. Fig. 4 shows how the excess field depends 
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O with initial c.d. 
@ initial c.d. 


upon the size of the current density increase. 
The excess field is seen to depend on the ratio (p) 
of the final to initial current density in something 
approximating a logarithmic fashion. Anticipating 
the theoretical development, below, two theoretical 
curves have been indicated in Fig. 4 in order to 
give an indication of the form such a curve might 
be expected to take. The first-order theory pre- 
dicts an exactly logarithmic dependence of excess 
field on the current density ratio, while the com- 
plete theory predicts a curvature of the form 
actually observed. As the two sets of data in 
Fig. 4 show, the shape of the excess field vs. 





current-ratio curve is independent of the absolute 
current density. 

The second aspect of the transient behavior 
which is of significance to the discussion of 
mechanism is the detailed shape of the “decay” 
1 shows this in qualitative form; 
however, a more critical evaluation of the shape 
of the decay curves is obtained if, as shown in 


curve. Fig. 


Fig. 5, one plots the decay in semi-logarithmic 
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form. Where cursory examination of curves like 
those in Fig. 1 might have indicated an exponential 
approach to steady-state, Fig. 5 shows a consider- 
ably greater complexity than this, the decay 
becoming exponential only after about 60 coul 
cm*. Again anticipating the theoretical develop- 
ment below we have indicated the shape of the 
theoretical curve. 


B. Transients starting from open-circuit conditions 

The results reported above were all obtained 
from experiments in which the initial condition 
was one of steady-state. Fig. 6 shows some of the 
transient effects which when the initial 
conditions are non-steady-state. In these experi- 
ments a series of films was formed, all at the same 


result 
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(constant) current density, to the same voltage. 
The current was then abruptly decreased to zero 
by externally short-circuiting the anode to the 
cathode. Subsequently, generally within a few 
seconds, a different current was applied and the 
transient response of the voltage was recorded on 
the Sanborn recorder. The “‘overshoot”’ in voltage, 
expressed as excess field, is plotted in Fig. 6 as a 
function of the final current density. Two sets of 


ilms formed at 
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Fic. 6. The dependence of the ‘‘interruption’’ excess 


field on the final current density, for two initial current 
densities. Films were formed under steady-state con- 
ditions (at either 40 pA/cm? or 400 »A/cm?), short- 
circuited to the cathode, and then the final current (a 
different value for each data point) was applied. 


O ~ 600 A films; @ ~ 200 A films. 


data are shown; in one of these the initial current 
density was 40uA/cm*, in the other, 400 »A/cm’. 
We note that the excess field at any given final 
current density is strongly dependent upon the 
conditions prior to the interruption of the current. 
We have also observed (in other experiments) that 
it is strongly dependent upon the manner of inter- 
rupting the initial current. For example, if one 
simply opens the circuit and allows the voltage 
to “float” down to the equilibrium open-circuit 
value (it does this in a matter of a few seconds 
under laboratory conditions of humidity and 
cleanliness) then the excess field observed on 
reapplying a given current is always appreciably 
greater, and much less reproducible, than if the 
current had been interrupted by the short- 
circuiting technique. 

A second significant feature to note about the 
data in Fig. 6 is that a finite transient is observed 
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when the current is interrupted and the same 
current is then reapplied. Further, the magnitude 
of this “‘interruption”’ overshoot is seen to be fairly 
strongly dependent on the absolute current density. 
The detailed analysis of the physical content of 
the data in Fig. 6 requires an extremely elaborate 
mathematical treatment and would be unlikely to 
provide any information on the basic mechanism 
that cannot be obtained from the simpler transients 
described above. We do not attempt to make 
such an analysis in this paper, but simply present 
the data in order to indicate that considerable 
caution must be used in analyzing steady-state 
data obtained by quasi-steady-state methods such 
as those recently employed by VermiLyra.) In 
his technique a constant voltage is continually 
applied and removed (in order to measure the film 
thickness). The corrections for the transient effects 
resulting from such a procedure can be shown to 
be of significance but they are very difficult to 
apply. They have not been made by VERMILYEA. 
This may account for the departure, in VERMIL- 
YEA’s data, from the simple exponential depend- 
ence of current on field. Our own data exhibit 
an almost exactly exponential dependence in the 
region from 4 to 7000 ~A/cm?. 


4. THEORY AND DISCUSSION 
A. General considerations 

The transients which have been reported above 
are of such a reproducible, widely observed, and 
basically simple form, that we must look for a 
simple and general explanation of their origin. 
We require a model which accounts for both the 
transient and the steady-state data. 

Consider the ionic current through the film. We 
need not, at this stage, specify the specific nature 
of the mobile species. Whatever their nature— 
whether interstitial cations, interstitial anions, or 
lattice vacancies—the rate of their flow through 
the film should be proportional to their concentra- 
tion and should be some function of the applied 
electric field. For high-field processes, i.e., for 
processes in which the energy acquired by the ion 
from the field, in a mean free path is large com- 
pared to RT, the current should depend approxi- 
mately exponentially on the electric field and we 
may then write for the ionic current, 1, at any 
position in the film.“ @ 


i = qugne™” (1) 


where yo, which contains the frequency factor 
and activation energy, and f are constants (at 
constant temperature); £ is the electric field which 
may or may not vary with position in the film; 
q is the ionic charge, and n is the concentration 
of the mobile species. We have assumed only that 
the current is carried by a single species. This 
assumption is in accord with the general experience 
in solid-state ionic conduction processes, that, 
because of the large activation energies for motion 
in solids, a given kind of ion (or vacancy) will 
either carry practically all of the ionic current or 
will carry practically none. 

Equation (1) predicts the existence of transient 
effects of the sort described above whenever the 
steady-state concentration of the mobile species 
increases with increasing field, provided that their 
rates of creation and destruction are not too rapid. 
If these two conditions are met the concentration 
of the mobile ions will not be able to adjust 
instantaneously to an abrupt increase in the field 
or in the external current. When subsequently the 
concentration of carriers increases, the current 
being kept constant, the field must decrease before 
attaining the steady-state condition under the 
new current. 

Equation (1) gives the ionic current through the 
film. This should be clearly distinguished from 
the external current (J) which is measured on an 
ammeter. The two currents are equal only under 
steady-state conditions. In general they will not 
be equal and thus the charge distribution will vary 
with time. Since the field inside the metal electrode 
must be almost zero, essentially all of the charge 
must reside either at the interface or in the film 
itself; thus from Poisson’s equation and the 
equation of continuity we may write 


1(x,t)] 


where K is the dielectric constant of the film and 
Ko is the permittivity of free space; E and 7 may 
again be functions of position in the film. / is the 
current at the interface. Equations (1) and (2) are 
applicable to any single-carrier mechanism. We 
must now consider the factors which determine 
the carrier density, m. This requires detailed con- 
sideration of particular models. 
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B. The model of a single carrier in an otherwise 
stoichiometric lattice 

In the original model of CABRERA and Mott,“ 
subsequently generalized by DEwaLp,? interstitial 
ions were assumed to be the mobile species, these 
being injected into the film at the metal-oxide 
interface, and collected at the oxide-electrolyte 
interface. The film was regarded simply as a 
medium through which the ions moved and, in 
considerations of the space-charge effects, was 
assumed to be stoichiometric and therefore always 
electrically neutral. It was shown by DEwaALp that 
in this approximation the steady-state concentra- 
tion of carriers close to the metal-oxide interface 


was given by* 
n, = constant x Jl!~(4/0)) (3) 


where ab is the ratio of the jump distance in the 
film to that at the interface. If this ratio were less 
than unity, then one of the criteria, mentioned 
above, for the existence of a voltage overshoot 
would be satisfied. The ion concentration would 
then increase on increasing the current. 
Intuitively one might expect that, since the ions 
in the film are much less mobile than the electrons 
in the metal, the second criterion above (ionic 
readjustment not too fast) would also be met. 
This turns out to be ionic 
readjustment must be slow 
double-layer charging time and this is mot the case 
for any model in which the charge of the mobile 
species is completely uncompensated. The argu- 
ment demonstrating this is fairly involved and is 
given in Appendix I. The essential point is that 
the readjustment of the space-charge is intimately 
tied to the readjustment of the surface charge. One 
cannot change one without also changing the other, 


erroneous for the 
compared to the 


and detailed solution of the equations demonstrates 
that no overshoot can result. 

The reasoning above applies to anion, cation, or 
vacancy conduction, and one is thus forced, by 
the transient effects, to abandon the model of a 
single, electrically uncompensated, carrier. Note 
that one is not yet required to abandon the possi- 
bility of space-charge in the film. This may be, 
and, from Younc’s‘®) recent work, apparently is, 
of importance in the tantalum system. To be sure, 
the space-charge will be concentrated largely at 


* Equation XI, reference 2. 


the one or the other interfaces but whenever 
passage through the film is the rate-determining 
step in the process a finite space-charge must exist 
and be of importance. 
C. The compensated _ single-carrier model— 
(Frenkel-type mechanism) 

1. The basic equations. The essential element of a 
general model, just slightly more complex than that 
just considered, which can account quantitatively 
for both the transient and the steady-state data, has 
been suggested by BEAN et al.°) In this model, 
which may be thought of as a high-field Frenkel- 
type model, a single carrier is again postulated (they 
assume that interstitial positive ions carry the 
current), but provision is made for the possible 
existence of negatively-charged, immobile, lattice 
vacancies. Under the influence of the very high 
fields a “‘lattice’” ion can be pulled from its equili- 
brium site, thus creating an interstitial ion and a 
negatively charged “‘vacancy’’.* The concentration 
of such vacancies and interstitial ions is determined 
by the kinetic balance between the creation in the 
field and destruction under the roughly coulombic 
attraction of the positive interstitial ion for the 
negative vacancy. BEAN et al. introduce a con- 
siderable complexity in the development of this 
basic idea in order to account for an apparent 
change with field of the kinetic parameters. Since 
the experimental data reported above do not 
extend into the “low’’-field region where this 
elaboration is of significance, and further, since 
the validity of VERMILYEA’s constant-voltage tech- 
nique has not yet been completely demonstrated, 
the additional complexity need not concern us 
here. 

The essential idea is that we can have a high 
carrier density without excessive space-charge if 


compensating charge is present in the form of 


lattice vacancies. 
Let us now for concreteness assume with BEAN 
et al., that the metal ions are the mobile species 


+ The precise definition of the terms “‘lattice’’ ion 
and ‘‘vacancy’’ is somewhat difficult in materials, such 
as these, which are not macroscopically crystalline. We 
“‘vacancy’’, somewhat loosely, to mean a 
non-stoichiometry, this non-stoichio- 


use the term 
region of local 
metry resulting from the removal of a mobile ion. A 
“lattice’’ ion is an ion whose charge is compensated 


locally. 
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and that the rate-controlling step in the conduction 
process is passage through the film. It can readily 
be shown that formally identical equations result, 
regardless of the nature of the carrier, so long as 
there is just one type of carrier and one type of 
vacancy. 

In the bulk of the film, every lattice ion is a 
potential source of an ion-vacancy pair. Their 
rate of production will then be given by 


dn../dt =(No—m)v exp —[W—EAgq]/kT 
dm../dt (4) 


where m = carrier concentration 
m = vacancy concentration 
No = concentration of lattice sites 
y == vibration frequency ~ 10" sec~. 
W = activation energy for the creation of 
a 1on-vacancy pair. 
the distance from the equilibrium 
position to the position of the maxi- 
mum in the potential energy dia- 
gram of an ion around a lattice site 
g = charge of the interstitial ion 
E = electric field 
k = Boltzmann constant 
T = absolute temperature. 


We may approximate the rate of anihilation of ions 
and vacancies by assuming that whenever an 
interstitial ion passes within an area, o, in the 
vicinity of an immobile vacancy, it will be captured 
by that vacancy. We call o the cross-section of the 
vacancy. It should be of the order of atomic 
dimensions. We may then write, for the rate of 
anihilation of carriers, 


and, remembering that the vacancies are assumed 
immobile we may then write for the rate of change 
of the vacancy concentration with time 


dm/dt =(N y—m)v exp —[W—EAq]/kT 
tom/q. 


Rationally we should now combine equations (1), 
(2), and (6) with the Poisson equation (7) 


-( =, (7) 


and integrate. This yields unwieldy equations, 
however. In place of this, remembering that any 
significant space charge must be highly localized 
close to the metal-oxide interface, and in addition 
that m and n are both large compared to their 
difference but small compared to Ny, we may 
equate m and n and assume that over most of the 
film the electric field is uniform. With these 
approximations, and making the appropriate sub- 
stitutions for wo and £,* equations (1), (2) and (6) 
may be combined to yield equations (8) and (9) 


below. 


1 
- —— (I—2naqv exp —[U—Eagq]/kT) (8) 
KK, qu exp —| q] 


EXq\/RkT 
Eaq\/kT. 


dn/dt = Novexp —[W 


(9) 


2cavn* exp —[U 


2. The steady-state solutions. Equations (8) and (9) 
apply under either steady-state or transient con- 
ditions. In the former case both E and n will be 
independent of time and (8) and (9) may then 
readily be combined to yield the steady-state 
relation between the field, the current density, and 
the temperature. 

kT Pc 


(W+ U) 
c= — [n——_—__ + —__-. 
(A+a)qg 2Noav?q? (A+a)q 


(10) 


Equation (10) is equivalent to equations (6a) and 
(6b) of Bean et al.) One may derive the values of 
(A+a)q and (W+U) from the steady-state 
dependences of the field on current and on tem- 
perature. Our own data, obtained by an isopachic 
method previously described, yield the values 


24-8 eA 
2:89 eV 


(A+a)q 


W+U- (10a) 


Note that from the steady-state data alone, one 
cannot determine the values of the jump distances 
and activation energies separately but only in the 
combinations shown. 


3. The constant-current transient equations. The integra- 


tion of equations (8) and (9) for the transient condition 
is fairly complex. The mathematics may be appreciably 


* See reference 2. wy = 2av exp — U/kT 
B aq/kT. 
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simplified by specializing to the conditions under which 
the experiments were performed; these were (1) steady- 
state initially and (2) an abrupt change to a new constant 


current. In this case equations (8) and (9) may be 


expressed, in dimensionless form, as 


dy dx 


p—Ze" 


dZ/dx = Ble*”—Z*e"] 
where t=A/a 
It ga 
KK, kT 
final current 
initial current 
(E—E,)aq/kT 
n° a ete 
0 


okT KK, 


U\kT 


B 


3 constant 
aq” 
initial current density 


E,, = steady-state field at the initial c.d. 


Letting x 0 at the instant of the change in current, 
the boundary conditions on (8’) and (9’) are 


(0) 0 
Z(0)=1 


(10°) 


These conditions express the fact that changing the 
external current does not change either the field across 
the film or the concentration of carriers instantaneously 
and that therefore they still have their original (steady- 
state) values. Note that with these boundary values the 
first derivative of y changes instantaneously [from 
zero to (p—1)] but that the first derivative of Z does 
not and is initially zero 


4. The first-order solution. A reasonably good first-order 
solution of (8’) and (9) is possible for values of B less than 
about 0-01. This will be the case if, as we expect, the 
cross-section of the vacancy, o, is of the order of atomic 
dimensions. In this case Z will hardly change at all in the 
initial stages of the transient, while initially y will change 
rapidly. Subsequently as y increases, dy/dx will decrease, 
eventually going through zero. From then on y can 
change only slowly as Z changes. For values of x beyond 
the maximum in y we may then approximate y, using 
equation (8 ), as 


(11) 


and substitute this in (9’). We get 


Equation (12) may be integrated to yield 
Z ped a+) > 
’ [1 (1 p Ye p+%) Br} 144 


From (11), we then obtain 


2 l 
Inp— -> 
a+ 


a+] 
< Inf1—(1—p)-*)e-PA+9 Br], (14) 
5. Comparison of first-order theory with experiment. 
Since the value of the p(1+-«)Bx in equation (14) 
is considerably less than one when y is at its 
maximum we may approximate the value of y at 
the maximum by taking x at the maximum to be 
zero. Equation (14) then yields 


Inp 


© gives the steady-state 


Vmax 


the value of y at x 
value of y. 
2 
Va In p 
a+1 


(16) 


and thus the maximum value of the excess field, 
will be given by 

kT fa—1 
ag \a+1 


excess field. 


(17) 


Emax Es state In p 


Equation (17) shows that we should expect the 
excess field to vary approximately logarithmically 
with the current-ratio, p. Fig. 4 shows equation 
(17) plotted with the value of « determined from 
the “‘two-fold’’ overshoot data. The experimental 
data approach the first-order theory for small 
values of p, but sizeable departures are observed 
at higher values of p. These departures are shown 
below to be of mathematical rather than physical 
origin, and, in fact, to be a significant prediction 
of the complete theory. 

The shape of the decay of the excess field 
predicted by equation (14) is also in rough accord 
with the experimental findings. 
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Note first that the product of pBx(1+«) 
appearing in the exponential is given by 


oO(1+a 
ede (18) 


where Q is the total charge/cm? which has been 
passed at the second current density. Equation (14) 
thus predicts that the shape of the decay curves 
should be independent of the current density if 
one plots them with Q as the independent variable. 
This is in accord with the experimental facts as 
can be seen from Fig. 5. Equation (14) also pre- 
dicts the exponential decay at large x, (where the 
approximation In(1-+-A) = A may be employed) 
and the nonexponential character at intermediate 
values of x. 


6. The exact solution and evaluation of parameters. 
Equation (14) says nothing whatever about the 
behavior of the transient in the immediate vicinity 
of the maximum. Since this is a region of some 
interest, and higher-order analytic approxima- 
tions become extremely unwieldy, the exact 
numerical solutions of (8’) and (9’) have been 
obtained by step-wise integration with an IBM 
650 digital computer. 

Equations (8’) and (9’) contain two parameters, 
a and £, and one experimental variable, the 
current ratio, p. Note that, since Z(0) = 1, neither 
the magnitude of the overshoot nor the shape of 
its decay contains the absolute value of the current 
density explicitly, but only the product /t. Thus, 
as in the first-order theory, the transients should 
be independent of current density when plotted 
with charge as the independent variable. 

The evaluation of the two parameters « and 8 
was made as follows. Initial estimates of the two 
parameters were first obtained by matching the 
data for the “two-fold’’ transients to equations 
(17) and (14), the value of («+-1)aq being taken 
from equation (10a). Integrations (all with p = 2) 
were then performed for three values of « at each 
of three values of B, these values being chosen 
roughly to bracket the initial estimates. For each 
value of B the best value of « was then determined 
by matching the calculated value of the excess 
field to the experimental value. The results are 
shown in Table 1. The best value of B was then 
computed by matching the calculated decay-rate 


| Determination of Parameters B 
and («) From Data on two- 
| fold Transients 


-——_ — 
B | (1) aq’) 


Trt a 

4-39 4°61 8-91 
4-01 4°95 | 22°32 
3°97 4°98 | 24-78 


O. (3) 


X1/4 . Xmax a? max 


3-91 
4-68 
4°78 


22-4 | 1-56 
52:1 | 2:00 
57°5 | 2-06 


0-010 | 
0-004 | 
0-0034 


(0-00327)} (3-96) | (4-99) | (25-85) (60-0) |(2-07) (4-82) 
| 


(1) « determined, for each value of B, by matching 
the theoretical and experimental values of the 
ratio AP/AE, where AP is the excess field and 
AE the change in steady-state field. 

(2) aq determined from « and the steady-state data 
(equation 10a). 


(3) OQ, and Qyax determined using dielectric con- 
stant, K, equal to 25. 


to the experimental rate. This is shown in 
parentheses in Table 1. Since the decay curves 
are only approximately exponential and the 
experimental decay curves do not quite fit the 
theoretical curves a small uncertainty arises as to 
what constitutes precisely the best fit. As a com- 
promise between precision in the measurement of 
the excess field and precision in the measurement 
of time, we have used the “‘}-time” of the over- 
shoot as the criterion for matching the experi- 
mental data to the theory. This quantity is shown 
in Table 1 as Q,, i.e. the number of coulombs/ 
cm? required for the overshoot to decay to } the 
maximum value. The experimentally determined 
value of Q,,, is 60-+1 pcoul/cm* and, as can be 
seen from Table 1 this requires that B = 0-00327 
and therefore « = 3-96. Note that both « and B 
are roughly proportional to the experimental 
quantities from which they are determined and 
that the precision of the parameters should thus 
be roughly the precision of the original measure- 
ments (~ 2 per cent). 


7. Consistency of the model. The values of the 
parameters « and B given above, were derived 
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entirely from the two-fold transient data. In this 
evaluation, no use was made of the data relating 
to the initial portions of the transient. Since the 
theory outlined above makes quite specific pre- 
dictions about the dependence of excess field on 
the current increase (p) and also about the behavior 
in the initial stages of the transient, these con- 
stitute sources of confirmation of the theory. 

The experimental dependence of the excess field 
on the increase in current is shown in Fig. 4 along 
with the theoretical curve calculated using the 
values of the parameters derived above. While 
the experimental results appear to be of a slightly 
more complex form than predicted, the agreement 
seems reasonable, particularly since no additional 
adjustable parameters are involved in the com- 
putation. 

The data in the initial region of the transients 
are also in reasonable agreement with the absolute 
predictions of the theory. The charge required to 
reach the maximum in field is, as shown in Fig. 5, 
equal to 4:5 uwcoul/cm*. The theoretical value, as 
shown in Table 1, is 4:8 pcoul/cm*®. This latter 
value is very sensitive to the value of the dielectric 
constant used in the computation (we have used 
the value 25 obtained by VERMILYEA recently)* and 
the agreement between the theory and experiment 
can be taken as at least partial confirmation of the 
“new” value of the dielectric constant. * 

A final confirmation of the validity of the model 
is obtained from the values which may be com- 
puted (from «, B and the steady-state data above) 
for the jump-distance, dissociation distance, and 
vacancy cross-section. In the past, using any one 
of the simpler models for interpretation, the steady- 
state data on a variety of metals always yielded 
values of the jump-distance of the order of 2 to 


4A. Such values, while not completely out of 


reason, are too large to be accounted for as simple 
ionic jumps. The 
remove this anomaly. Using our value for (A+-a)q 

24-8 (VERMILYEA gives 24 for the ‘‘high-field”’ 


present results and theory 


value‘’) and the values of B and « derived above, 
we obtain 


ag = 4-97 electron—A 
Aq 19-7 electron—A 


* Personal communication, see also reference 7. 


+ Previous workers have generally used values of the 


dielectric constant in the neighborhood of 11. This is 


the dielectric constant of crystalline Ta,QO,. 


— = 4-6 A? per electron. (19) 
q 
If, as seems most reasonable the tantalum ion is 
the mobile species, g should then be +-5, and 
a=0-99A 
(20) 


o = 23 A? (corresponding to a radius = 2:7 A). 


The value of “a’’ is particularly striking for this 
now can be thought of as approaching a “hard” 
ion radius (the ionic radii of the tantalum and 
oxide ions are 0-9 A and 1-3 A, respectively). The 
larger value of A can readily be understood, as 
BEAN et al.®) have shown, as arising from the 
coulomb-like attraction of the positive ion for the 
negative vacancy. Finally, the value derived for the 
cross-section seems quite reasonable. One would 
expect the radius-for-capture to be somewhat less 
than the dissociation distance, but considerably 
greater than the simple jump distance, and this 
is the experimental result. 


8. Evaluation of limits for U and W. Complete 
kinetics of the anode 
evaluation 


characterization of the 
process on tantalum would 
of the two activation energies U and W. Un- 
fortunately this is not possible with the data 
presently at hand. The steady-state data yield 
only the sum of (U+W), and the analysis of the 
transient depends on the individual 
activation energies only indirectly. Measurements 
of the vacancy concentration (or equivalently the 
carrier concentration) could yield the separate 
values but no method is presently available for 
making such a measurement. We can, however, 
obtain a lower limit for W (and thus an upper limit 
for U) by noting that the steady-state concentra- 
tion of vacancies determined from equation (9) is 


include 


effects 


given by 


exp —[W 1)]/2kT. 

Now the number of vacancies cannot be greater 
than the number of lattice sites (in fact it should 
be much smaller) and therefore, since 2caz 1/No 
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W—U > Eaq(a—1). (22) 


From the experimental data and resulting para- 
meters we calculate that, for the fields of interest, 
the term on the right-hand side of (22) is approxi- 
mately 1 eV and that therefore W—U must be 
at least as large as 1 eV. Using equation (10a) 
this gives extreme limits for W and U. 


W>~2eV 


U<~0-9eV (23) 


5. SUMMARY 


While kinetic data of the sort presented in this 
paper are subject to many interpretations, the 
following conclusions may be drawn about the 
ionic conduction process in tantalum oxide films. 


(1) The transient response of the field to abrupt 
changes in the ionic current density is a 
reproducible effect in essence independent 
of the surface condition, the film thickness, 
the ionic current, and the temperature, and 
dependent only on the ratio of the initial 
to final current densities. 

The simple uncompensated single-carrier 
mechanism (whether interface- or film-con- 
trolled) is incapable of accounting for any 
“overshoot” at all. 

A single-carrier Frenkel-type mechanism in 
which carriers are continually created in the 
high field and destroyed under the coulomb- 
like attraction of the oppositely charged 
vacancy, can account, quantitatively, for 
both the steady-state data and the fairly 
complex form of the transient response. 
The parameters derived from the data in 
terms of the Frenkel-type model give values 
of the geometrical factors which can, for the 
first time, be interpreted in terms of “‘hard’’- 
ion interactions. 
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APPENDIX I 


Demonstration that the Model of a single, elec- 
trically uncompensated, Carrier cannot predict a 
voltage “Overshoot” 


The differential determining the 


kinetics may be written 


( OE 1 P 
FE 

( ) : n(x,t) 
Ox], KK, 


BE(z,h) 


two equations 


i(x,t)] (1’) 


(3’) 


The symbols in these equations are the same as in the 
body of the text except that F, 7, and ” are now functions 
of both x and t. Equations (1), (2’), and (3’) may be 
combined to yield (4’) 


OR 1 /OR 
(2) esr) 
Oz T R oT z 


[ok Ky ii 
efE(a, 
BplyD 


1(x,t) = n(x,t) Ue 


where 


film thickness. 


x 
- D 
D 


The solution of (4’) may be expressed in the form 


Re-T — 4(R—=2z) (3°) 


where ¢(R—z) is any function of (R—z) which satisfies 
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the boundary conditions. This can be seen by differen- 
tiating (8) and substituting into (4’) 
For the transient experiments in which the current 


is abruptly increased from steady-state conditions the 


boundary condition at 7 0 is 


R(0.2) R(0,0)+(2/p) (9’) 


the that 
change anything in the film instantaneously 


0 is obtained by taking 
2) 


changing the external current 


ary condition at x 


ross the interface to be given by 


(10°) 
b/a is the ratio 


independent of x and t and 


listances across the interface and in the 
ation (10°) in equation integrating, 
R in equat 5’) we then 


using the definition of 


R(0,T) (11’) 


[1+(p 
Qa bh 
wok KK. 7 


Whe re 


pBD un, 


conditions expressed in (9’) and 
a kind of shock 
discontinuity 


boundary 


Vhen the 
(11°) are applied to renerate 
wave, the front of 
in 0?R/dz*. R and ¢/ Oz, in 
field and of the I I iré 
front but the change of current with distance, 
(0*R/dz*) I 


essence measures of the 


continuous ross the shock- 
rate ot 
The front moves with time as given by 


1s not 


R,(e4 (12’) 


where the of the shock-front at time 7 


The solution of the basi 


position 
differential equation (4 
depends upon whether one is ahead behind t 
shock-front. Using equations (8 


find two solutions. Ahead of the front 


while behind the front, 


eT 
l (PR /"—(R 
\r 


z)t/)r, 


(14’) 


Equation (13’) gives R explicitly as a function of z and T 
while equation (14’) gives an algebraic equation for R. 

Equations (13’) and (14’) may be converted to give 
the physically measurable average value of the field by 
integrating the field over the entire film. 


1 
Edz In R dz.(15’) 


“ 0 


E(T) 


Differentiating (15’) with respect to T and neglecting 
the small time (this 
operates in the wrong direction to give an overshoot in 


change of film thickness with 


any case), we obtain, 
dE ¢ /OlnR 
dT oT 


(16’) 


From the basic differential equation (4’) we may replace 
| t 


OlnR 
by 1 and then obtain 


¢ 


dE 
dT 


R(1,7)+ R(0,7)]. (17’) 


(14’) (12’) tells 
it can be shown that, regardless 
R(1,T) is 
R(0O,T). This then says that dE d7 
is positive for all values of 7. Therefcre 
’ is to be expected from the uncompensated 


Using equations (13’) or , (equation 
which of the two to use), 
parameters R, and r, 


of the values of the 


always less than 1 
] no voltage 
‘overshoot 


single-carrier mechanism 
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X-RAY EXCITED STATES (“EXCITONS”) AND WIDTH 
OF VALENCE BAND IN KCI* 
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Abstract—A combination of (a) PARRATT and JossEM’s experimental X-ray emission and absorp- 
tion curves for potassium and chlorine in KCl and (b) Muto and OKuNo’s recent theoretical 
calculations on “‘exciton’’ structure (one-electron approximation) provides semi-theoretical values 
of the effective dielectric constant and of the effective mass for the potassium 1s first excited state 
in KCl. (The term “‘1s first excited state’’ is used to replace the term “‘X-ray lowest exciton’’). A 
‘*reasonable’’ small increase in this value of the dielectric constant gives a tentative value for the 
chlorine 1s first excited state. Then, resorting again to the combination of experiment and theory, 
one is led to the conclusion that the Cl~ 3p valence band in KCl is much narrower than the 4-2 eV 
base width previously deduced, is perhaps 2 eV wide. However, since the series limit of X-ray 
excited states may well be above the bottom of the continuum, it is further proposed that the base 
width of the valence band may be of the order of 1 eV (or even less) and the full width at half- 


’ 


maximum of the density-of-states curve of this band may be about 0°3 eV. 


1. INTRODUCTION 


Muto and Okuno have recently reported? 
theoretical one-electron-approximation calculations 
on ultra-violet and X-ray excited states (also called 
“excitons’”’) in crystalline KCl. They conclude 
that theory and experiment are in fair agreement 


for the ultra-violet first excited state but that the 


quantitative comparison for the X-ray first excited 


state is not so satisfactory. They used our experi- 
mental curves®) for the X-ray 
According to them, the difficulty in the X-ray 
case lies in our choice of the energy position 
of the bottom of the continuum (or conduction) 


comparison. 


band. 

Although we seriously question the applicability 
of the one-electron approximation in this case, 
still our best theoretical calculations to date of the 
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points of interest are based upon it.{ In this sense, 
Muto and OKuUNOo’s calculations are very interesting. 

In this paper, we would like to make clear the 
basis on which we made our choice of the con- 
tinuum position. Also we would like to point out 
a different use of the results of Muto and Oxuno, 
viz. that their calculations may possibly be inter- 
preted to help resolve an important dilemma of 
our earlier paper.“ This dilemma, having to do 
with the width of the valence band in KCi, is 
intimately connected with the question of the 
position of the continuum. 

Finally, we would like to propose another view 
of the X-ray excited states, a view which is not 
tied to the continuum at all and which therefore 
allows freedom to interpret (1) several successive 
X-ray absorption peaks as corresponding to several 
ls excited states and (2) the valence band as having 
a base width as narrow as | eV or so. 





t Sater) has recently reviewed the applicability of 
the one-electron picture of the local discrete level (he 
speaks of it as only one level) below the valence band of 
a metal or below the conduction band of a semiconductor 
or an insulator, with the conclusion that the one-electron 
approximation is probably adequate. 
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2. WIDE VALENCE BAND VIEW 

Our choice of the relative energy position for the 
bottom of the continuum in the chlorine K- 
absorption curve of KCl (which we shall call the 
chlorine zero energy) was made in an attempt to 
preserve the three conventional views that (1) KCl 
has a rather wide valence band, ~ 4-2 eV base width, 
(2) the observed intense narrow A peak represents 
an X-ray transition to the 1s first excited state, and 
(3) the B peak is deserving of serious consideration 
as corresponding to the 1s second excited state, or 
at least that this peak should be near the zero 
energy as was (and is) the conventional view for 


Valence band : 
Continuum 


$9: 46N—ep ww 
I —765eV—> Zz 
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Fic. 1. Composite sketches of bands, absorption spectra 
‘‘wide-band view’’ was 
view’ 


and excited states in KC]. The 
discussed in ref. 2. The first 
results when the energy of the lowest chlorine 1s excited 
from 4:13 to 1:7 eV. The second 


‘‘narrow-band 


state is reduced 


abandons the bottom of the con- 
tinuum as the series limit of the 1s excited states, and 
also assumes that the final state of the 1s + 3p X-ray 
emission is most probably near the center of the valence 


band. 


‘narrow-band view’’ 
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the second absorption peak in the ultra-violet curve. 
With these three views in mind (although they are 
admittedly based on theories containing very 
questionable approximations), we chose a chlorine 
zero energy which resulted in the X-ray first 
excited state being 4:13 eV below the continuum. 

Fig. 1 shows sketches of the ultra-violet and 
X-ray absorption curves with the valence band and 
the continuum drawn to scale. The top half of this 
figure presents the points of the preceding para- 
graph; the bottom half is discussed later. 

We also discussed in ref. 2 the alternative of 
considering a narrow valence band, but spent 
much more time on the wide-band view because 
the prevailing theoretical opinion favored this view. 
Now that Muto and Oxuno have (perhaps in- 
advertently) reopened the broader question, we 
believe it worthwhile to mention briefly that their 
calculations can be interpreted to give support to 
the narrow-band view. 


3. NARROW VALENCE BAND: VIEW I 

Using our assumed position of the potassium 
zero energy, Muto and Oxuno find that the values 
of the and of the 
effective electronic mass (which are adjustable 
parameters in their treatment) are about e, = 1-5 
0-8 m, respectively. They assumed that 


effective dielectric constant 


and m* 
these values also apply to the chlorine 1s first 
excited state (which they call “X-ray exciton’), 
but it seems to us that the potassium and chlorine 
situations are by no means identical. 

We believe that the spatial extent of the 1s 
first excited state wave-function for the electron 
around the lattice site K+‘*? (i.e. the potassium ion 
with a 1s vacancy) is considerably less than is the 
spatial extent of the corresponding electron around 
Cl-‘> (1.e. the chlorine ion with a 1s vacancy). 
The first excited state in the case of K*“? ion 
probably finds the electron hovering fairly close to 
the central ion, being repelled by the first ring of 
Cl- ions. On the other hand, the first excited state 
electron around the Cl-‘? ion is distributed 
spatially mostly among the neighboring K* ions, 
the electron again being repelled by the more 
remote ring of the near-neighbor Cl~- ions. Con- 
sequently, a larger volume of the crystal is sampled 
in the latter case, and the dielectric constant is 
therefore expected to be larger (more nearly equal 
to the bulk high-frequency value of 2-13) whereas 














X-RAY EXCITED 
the 1-5 value may still be reasonable for the 
tighter K++) case.* The effective mass for the case 
of chlorine is also probably different from that for 
potassium, but the corresponding qualitative argu- 
ment as to magnitude is less easy to visualize. 

If, for example, we take for Cl-“? e, = 2-0 and 
m* — (0-8 m, we interpolate from Table 1 and 
Fig. 2 of Muto and OxuNo’s paper that the Is 
first excited state may be found at about 1-7 eV 
below the bottom of the continuum. Muto and 
OKUNO, on the assumption of e, = 1-5 for chlorine, 
find this excited state to be 2:5 eV below the 
bottom of the continuum. The exact numerical 
value is not essential to the argument for a re- 
duction of width of the valence band, but it is 
important in the final width. 

Then, if we fix the zero energy (i.e. the energy 
position of the bottom of the continuum) at about 
1-7 eV above the A peak in our absorption curve 
for Cl-‘*), and if we continue to hold to the second 
and third of the three aforementioned conventional 
views, we are obliged to conclude that the base of 
the valence band (Cl- 3p) is much narrower than 
the 4-2 eV value of ref. 2. We conclude from this 
argument that the base width may be about 2 eV, 
but it may be more or less than 2 eV if the 


separation is greater or smaller than 1-7 eV.{ 


* In our earlier paper, attempting to preserve the con- 
ventional views aforementioned, we supposed the 
K+(+) first excited state to have greater wave-function 
amplitude in the region of the near K+ neighbors, 
rather than in the region of the K+‘*+) ion itself (see 
Fig. 5 of ref. 2). This supposition we now abandon. 

+ The argument for using a larger effective dielectric 
constant is made here specifically for the 1s first excited 
state of chlorine in KC]. Unpublished data obtained in 
this laboratory on the chlorine absorption in the other 
alkali chlorides, and the work of S. Kryono (Sci. Rep. 
Tohoku University, 1st Series 36, 1, 1952) on potassium 
absorption in other halides, show that the detailed 
structure of the absorption curves depends rather 
sensitively upon the effects of the particular crystal 
lattice involved. The energy positions of the higher 
excited states, relative to the lowest, are probably even 
more sensitively affected. 

t The “base width’? is a quantity whose meaning 
devolves from a theory that so far deals only with static 
states, whereas experiments measure transitions between 
states. The time element in transitions involving short 
lived states introduces extensive tails on the emission 
lines or ‘‘bands’’. The physical meaning of a measure- 
ment of something called a ‘“‘base width’’ becomes 
especially hazy when the bands are very narrow, as now 
proposed for the valence band of KCI. 
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Fig. 1 presents schematically the “wide-band 
view” and two proposed “narrow-band views’’. 
This figure, in illustrating the wide-band and the 
first of the narrow-band views, shows the rigid 
coupling between the width of the valence band and 
the energy position of the 1s first excited state. § 

The 9-75 eV energy separation is a firm experi- 
mental value (the energy between the peak of the 
8, emission line and the peak of the A absorption 
line). If we also take the ultra-violet separation 
9-46 eV (see Fig. 1) as being firm, then it follows, 
in either the wide-band view or the narrow-band 
view, that any adjustment of the position of the 
continuum in the X-ray absorption curve must be 
accompanied by a corresponding adjustment in 
the width of the valence band. The particular 
adjustment of this width to 2 eV, as arrived at 
above, is arbitrary; it depends upon the inter- 
polated values in the Table of Muto and Oxuno. 
The significant point is that Muto and OxuNo’s 
calculations may be interpreted to say that this 
width is Jess than the 4-2 eV. 

It may be pointed out that the 9-75 eV separa- 
tion for the X-ray excited state is actually greater, 
by about 0-3 eV, than the 9-46 eV ultra-violet 
gap (see Fig. 1) and that this latter gap is measured 
from the top|! of the valence band. 


§ This “‘rigid coupling’’ is a consequence of holding to 
the second and third of the aforementioned conventional 
views. More specifically, it is based on a speculation, 
proposed in ref. 2, that the peak of the £, emission line 
refers to the bottom of the valence band. According to this 
speculation, £, corresponds to a transition in which an 
electron in a local discrete level below the valence band 
jumps to a 1s hole, and the final state of the crystal finds 
the hole at the bottom of the band. In ref. 2, use was 
made of the high oscillator strength of the electron in the 
local level to account for the narrowness of the /, line. 
It should not be interpreted that, since the proposed 
local level in the initial state is below the band, the f; 
peak should therefore refer to an energy position below 
the band; it is the energy difference between the initial 
and final states, rather than any one detail in either the 
initial or final electronic configuration, that governs the 
8, position. This speculation about the final hole being 
always at the bottom of the 3p band may be non-physical, 
and in fact we propose another view in the next section 
of the present paper. (See also footnoteft on p. 70.) 

| In ref. 2 the ultra-violet energy gap was taken as 
referring to an arbitrarily assumed position of the 
maximum of the density of states in the band, a position 
(1/4)th of the band width from the top. This refer- 
ence position we now abandon and accept the more 

[Footnote continued on next page] 
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4. NARROW VALENCE BAND: VIEW II 

The assumption should be explicitly recognized 
that the bottom of the continuum is taken as the 
series limit for all the excited states (ultra-violet 
and X-ray) considered in this paper up to this 
time. This assumption is based on the following 
ideas: (1) hat, for the ultra-violet absorption, the 
bottom of the continuum and the top of the 
valence band have the same value of the electron 
wavevector k, (2) that, for the X-ray absorption, 
the bottom of the continuum contains sufficient 
admixture of p-type wavefunction symmetry to be 
the effective of the 


vely ejected 1s electrons, and (3) that the 


bottom continuum for the 
radiati 
one-electron approximation is applicable. Now 
we wish to modify these assumptions. In a many- 
electron system, such as we have in practice, we 
believe it to be probable that localized excited 
states (several of them) exist having energies 
within the continuum. We believe this to be so 
for the ultra-violet as well as for the X-ray case.* 
Such 
determined by the time required for the 
tron to make a transition to a conduction band 
via phonon or other interaction,* and 
whether these transient states may be observed as 
such in the absorption spectrum depends upon the 
the 


case the absorption act must take place 


time involved in the ‘“‘absorption act’. In 
X-ray 
during a time less than the lifetime of the inner 
vacancy, 10-15 or 10-1® sec., 


probably shorter than the auto-ionization time. 


(1s) about a time 


Footnote continued from previous page 

conventional view that the ultra-violet absorption transi- 
tion is from the top of the valence band to the bottom of 
the continuum. (Of course, the wavevector k must be con- 
served, and more reliable calculations of the dependence 
of the band energy on k for various directions in the 
crystal may this to be 
wrong.) Also, in ref. 2, we did not use the 9-46 eV gap 
as a reference position as we do in Fig. 1. These factors 
account for the discrepancy in the band width of 4:2 eV 
in ref. 2 and 4-42 eV in Fig. 1. 


well show ‘“conventional’’ view 


* In-the-continuum excited states should not be con- 
fused with the variations in the curve of the product of 
the density-of-states and transition-probability for the 
continuum itself. 

+t Accordingly, if the discrete excited state lying 
within the continuum decays and becomes a member 
of the continuum, the decay process is another example 


of the general class of auto-ionization phenomena.'*) 
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The possibility of observing at least the X-ray 
transient excited states in the continuum must be 
taken very much into account. 

If we relax the restriction that the series limit 
of the excited states coincides with the bottom of 
the continuum, we are free, on this argument at 
least, to make the valence band less wide than 
2 eV. So we go to the second narrow-band view 
in Fig. 1. In this view, the separation of the 1s 
first excited state from the bottom of the con- 
tinuum is very small—indeed, too small to be 
reasonable on the basis of Muro and OKUNO’s 
calculations. Note that the B absorption line may 
now be identified with the 1s second (or higher) 
excited state, a desirable identification that is lost 
when we narrow the valence band and, at the 
same time, retain the idea that the series limit must 
be at the bottom of the continuum. { 

A second feature in the last sketch of Fig. 1 
is that the valence band is only 1 eV wide at the 
base§ and that now the terminus of the 9-75 eV 
arrow is at or near the center of the band. This 
center-of-the-band feature obviates the need of 
explaining’? theoretically why the final state in the 
B, emission should be at the bottom of the valence 
band|| as is required by the second and third 
sketches in Fig. 1. In addition, the full-width at 
half-maximum of the density-of-states of the 
valence band may be 0-33 eV, the width of the 
B, final state as deduced in ref. 2; and indeed the 
solid-state-broadening of the band may be much 
narrower than this value if the spin-splitting of 
P12 and pz 2 parts of the valence band is appreci- 
able. 


t Recent unpublished work on the ultra-violet absorp- 


tion of KCl by P. L. Hartman, J. R. NELSON and 
J. G. SrecrrieD, of this laboratory, with some inter- 
pretive suggestions from recent unpublished work by 
H. Puitiipp and E. Tarr of the General Electric 
Research Laboratory, Schenectady, N.Y., indicates that 
the energy band gap in KCl may be as small as 8°3 eV. 
If this new low value were to hold, it would probably 
put all the chlorine 1s excited states in the continuum. 


§ For example, one eV is the lower limit for the band 
width suggested by R. C. Case_ta Bull. Amer. Phys. 
Soc. Series II, 1, 143 (1956). 

This would make both the initial and final states 
for 8, emission the same as for the 3p band emission, 
and this view leaves us with no experimental evidence 
for or against the existence of the filled discrete levels 
below the 3p band (as these levels are discussed in 
ref. 2). 





X-RAY 


Finally, note that the argument for freeing the 
positions of the Cl-‘+) 1s excited states from the 
bottom of the continuum applies also to the 
K+) 1s excited states, and to the width of the 
K+) 3p band. 


5. MORE COMPLETE THEORY NEEDED 

In conclusion, note that the first narrow-band 
view, viz. that the valence band of KCl has a base 
width of 2 eV, rests on (1) the determination of the 
adjustable parameters «, and m* in Muro and 
Oxuno’s theory from an arbitrary choice of the 
position of the bottom of the continuum in the 
experimental absorption spectrum of potassium in 
KCl, (2) qualitative estimates of these parameters 
for the case of chlorine in KCl, and (3) the highly 
questionable assumption that the bottom of the 
continuum is the series limit for the X-ray excited 
states. 

The second narrow-band view abandons the 
bottom of the continuum as the series limit for 
In this view we avoid the 


the excited states. 
problem of explaining the association of the final 
state of the f, line with the bottom of the valence 
band, and, accordingly, we may identify the B 
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(and perhaps the C) peak as corresponding to the 
second (or higher) excited state. 

It should be emphasized that the experimental 
data do not offer an unambiguous choice among 
the three views presented for the X-ray case in 
Fig. 1. They, and intermediate views, are all 
entirely consistent with the measurements to 
date. 

What is really needed, but which is no doubt 
very difficult, is a calculation of the X-ray excited 
states which does not involve adjustable para- 
meters, and which takes into more realistic account 
the many-electron nature of the crystal and the 
time dependence of the various states and tran- 
sitions. 
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REPORT 


Report on the Second Symposium on the Physics 
of Semiconductors 


DuRING the past year a number of significant 
theoretical and experimental advances were made 
in the field of semiconductor physics. While ex- 
plorations of the properties of silicon and german- 
ium continued, the pioneering emphasis has re- 
cently shifted from these materials to compound 
semiconductors, particularly indium antimonide, 
and to the ‘‘near-semiconductors” bismuth and 
graphite. 

In response to a prevailing sentiment that a need 
for 
work could be described and discussed at length, 


existed an open forum in which the recent 
the Second Symposium on the Physics of Semi- 
conductors convened at the National Bureau of 
Standards in Washington, D.C., on October 24 
through 26, 1956. The symposium was organized 
by E. BursTern (Naval Research Laboratory) with 
the assistance of staff members of the National 
Bureau of Standards, the Naval Ordnance Labora- 


tory, and the Naval Research Laboratory. The 
2) 


total attendance was 220. Of this number, 110 were 
industrial scientists, 75 were government scientists, 
and 35 were university scientists. With a few ex- 
ceptions, the participants were Americans. 


The atmosphere of the symposium was relaxed 


and friendly. Most of the sessions sparkled with 


ively—but good-natured—discussion. In spite of 
t that more time was left for discussion than 
is customary at say American Physical Society 
meetings, the chairmen were generally hard-pressed 
to maintain the schedule of events. ‘The coherence 
of the program and the high quality of the papers 
were among the factors responsible for the success 
of the symposium. 

In the following report we will attempt to survey 
the highlights of the symposium. While it is hardly 
possible to cover more than a small portion of the 
material presented in the allotted space, we believe 
that this report, which was written at the suggestion 
of the Program Committee, mentions most of the 


OF 
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MEETING 


major results. In keeping with the informal nature 
of the symposium, there is no intention to publish 
the proceedings beyond this summary. 


FIRST SESSION 


W. Shockley (Shockley Beckman 


Instruments), Chairman 


Laboratory, 


The application of perturbation theory to the 
problem of determining the energy band structure 
of InSb was discussed by E. O. KANE (General 
Electric Research Laboratory). With the aid of 
group theory, it is possible to express the most 
general form of E(k) near a band edge in terms of 
certain parameters. In principle, these parameters 
can be determined by detailed energy band cal- 
culations, but in practice it is more convenient to 
resort to pertinent information. 
Cyclotron resonance and infra-red absorption mea- 


experimental 


surements are particularly helpful in this con- 
nection. 

Since many of the papers which follow are con- 
cerned with InSb, it seems appropriate at this 
point to present KANE’s summary of our present 
knowledge of the band structure of InSb. Follow- 
ing KANE, we show in Fig. 1 the energy bands 
along the [111] axis of the reduced zone. From the 
cyclotron resonance experiments of the University 
of California group, we know that the bottom of 
the conduction band occurs at the central zone 
point, where the electron effective mass has the 
value 0-013m (m is the free electron mass). The 
surfaces of constant energy are spherical, but F vs. 
k is strongly nonparabolic due to the close proxim- 
ity of the valence band edge. Since the conduction 
band is nonparabolic, a feature carefully studied 
by Kang, the electron effective mass may be ex- 
pected to exhibit an appreciable energy depend- 
ence. This is strikingly verified by the infra-red 
cyclotron resonance experiments of the Lincoln 
Laboratory group reported in a subsequent paper 
by B. Lax. 
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The valence band structure shown in Fig. 1 was 
first described by G. DressELuaus at last year’s 
Symposium on the Physics of Semiconductors. 
DRESSELHAUS’s model has since been refined by 
Kane. The top of the valence band structure ap- 
pears to lie at eight symmetrically equivalent points 
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Fic. 1. Schematic diagram of the energy band structure 
of indium antimonide near k = 0, after E. O. KANz. The 
value given for the width of the forbidden band at the 
central zone point, 0:175 eV, is for room temperature. 
The maxima in the top-most heavy hole band occur 
about 3 per cent of the way out from k = 0 to the zone 
faces. When the spin degeneracy is taken into account, 
the conduction band, the light hole band, and the 
medium hole band are each doubly degenerate along the 
[111] axis; along this axis each of the heavy hole bands 


is nondegenerate. 


on the [111] axes. Near each of these maxima the 
surfaces of constant energy are ellipsoids of revolu- 
tion. From theoretical considerations KANE esti- 
mates a value of 4 ~ 10-4 eV for the separation 
between the valence band maxima and the inter- 
section at the central zone point. He suggests that 
the value 0-015 eV, which R. F. Potrrer derives 
from an analysis of the long wavelength tail of the 
infra-red absorption spectrum on the assumption 


of indirect transitions involving acoustical phonons 
is probably more correct. For this value of 4, the 
valence band maxima are located about 3 per cent 
of the way out from the central zone point to the 
zone faces, and the width of the forbidden band at 
the central zone point is about 0-23 eV at 0°K, and 
0-175 eV at room temperature. 

In this connection, H. Y. FAN’s experiment on 
the low temperature absorption spectrum of a 
degenerate p-type InSb specimen is of interest. For 
a model with the valence band maximum at k = 0, 
one would expect the same shift of the absorption 
edge to higher photon energies for p-type as for 
n-type specimens. The absorption spectrum for 
p-type InSb shows no appreciable shift, but does 
exhibit structure at higher photon energies. This 
result may be attributed to the fact that the valence 
band has maxima at k ¥ 0. 

At temperatures satisfying the condition kT < 4 
the only holes present will be those occupying 
states near the eight maxima. Cyclotron resonance 
absorption measurements carried out by the 
University of California group at 2-2°K disclose 
only one slightly anisotropic absorption peak which 
might be attributed to holes having a mean effec- 
tive mass of 0-18m. KANE suggests that this effec- 
tive mass value be assigned tentatively to the holes 
belonging to the eight maxima. 

In a temperature range for which kT > 4, the 
valence band structure may be represented by 
two “heavy hole” bands and two “light hole’’ 
bands all touching at the central zone point. KANE 
estimates the effective mass of the light holes to be 
approximately 0-015m. In most applications it 
would not be necessary to consider the two valence 
bands which are separated from the remaining 
four by the spin-orbit interaction. At k = 0, the 
spin-orbit splitting is approximately 0-9 eV, 
according to an estimate given by KANE. 

While the nature of the conduction band struc- 
ture of InSb seems firmly established, many fea- 
tures of the valence band structure remain in 
doubt, particularly the value of 4, the energy 
separation between the actual band edge and the 
top-most state at the central zone point. However, 
the agreement between KANe’s absolute calculation 
of the intrinsic absorption spectrum, based only 
on the use of an optical matrix element determined 
from the cyclotron mass for electrons, and the 
experimental data of FAN and GOBELI, serves as 
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strong support for the energy band model shown 


next paper, J. CALLAWay (University of 


described his attempt to determine the 
the band structure of GaAs by a pertur- 
approach first suggested by HERMAN. Start- 
with the known band structure of Ge, that of 
GaAs may be deduced by standard perturbation 
thods. While some insight regarding the band 
ture of GaAs can be gained from the semi- 
lculations described by CALLAway, 
wholly reliable conclusions 
until detailed, fully quantitative 

ns are carried out. 
HN (Carnegie Institute of Technology and 
lephone Laboratories) presented a general 
mass 


f the application of the effective 


to semiconductors. He showed how 


impurity States can be treated for the cases 
ple bands, anisotropic nondegenerate bands, 


1 The 


nisotropic degenerate bands. 
absorption, as 


quantum 


eory of cvclotron resonance 


'TINGER and KOHN on the basis of 


1¢ vel yped by Li 
1 sketched. 


effective mass method, was briefly 


of the predictions of this theory have recently 


een confirmed by the experiments of the Bell 


lephone Laboratories group. 
KOHN paid special attention to the behavior of 
trons and holes subject to an external magnetic 
ld. The quantum description leads to terms not 
present in the classical description in the case of 


degenerate bands, and also in the case of non- 


parabolic simple bands. Since these extra terms 


can often be quite large, they can profoundly affect 


the electron or hole motion. KOHN also indicated 
that the effective mass formalism can be derived 
1rom 


some very general properties of a many- 
electron system. This approach provides a theo- 
retical justification for the use of a (static) dielectric 
constant in the effective mass equations. In sum- 
mary, the utility and the broad application of the 
effective mass method were impressively demon- 
strated by the numerous examples cited by 
KOHN. 

The results of a quantum mechanical calculation 
of the (electron) cyclotron resonance absorption 
spectrum of InSb were reported by R. WALLIs 
(Naval Research Laboratory). The shape of this 
spectrum is modified by the nonparabolic terms in 


the E(k) expression for the conduction band pre- 
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viously mentioned by Kane. WALLIs’s results were 
shown to be in good agreement with the experi- 
mental infra-red cyclotron resonance absorption 
spectrum reported by BuRSTEIN and co-workers in 
a later paper. 


SECOND SESSION 


R. N. Hall (General Electric Research Laboratory), 
Chairman 

In the first paper at this session, H. Y. FAn 

discussed some recent work by himself and W. G 

University) on the electrical 


SPITZER (Purdue 


susceptibility of semiconductors at frequencies 
high compared with the collision frequency of free 
carriers, i.e., at infra-red frequencies. The effective 
mass of the carriers can be determined from the 
electrical susceptibility, which in turn is deduced 
from the effect of the carriers on the refractive 
index and the extinction coefficient. These optical 
constants are obtained from reflection and trans- 
mission measurements. The (conductivity) effec- 
tive mass results are as follows: 0-15m for n-type 
Ge; 0:27m for n-type Si; 0-37m for p-type Si; 
0-029m for n-type InSb with a carrier concentra- 
tion of 6-3 « 10'? cm~3; 0-20m for p-type InSb; and 
0-033m for n-type InAs. The values for 51 and Ge 
are in the values 
derived from cyclotron resonance experiments. 
While the result for n-type InSb does not agree 
with the cyclotron resonance value (0-013m), the 


reasonable agreement with 


discrepancy can be explained in terms of the highly 
nonparabolic nature of the conduction band, which 
leads to a dependence of the electron effective mass 
on the electron concentration. 
The trapping 
phenomena in semiconductors was discussed by 
W. W. TyLer (General Electric Research Labora- 
tory). It is customary to postulate the presence of 


nature of and recombination 


deep impurity levels in order to explain the effects 
observed in nonequilibrium experiments. For 
most materials, it has been difficult to determine 
the exact nature of the trapping and recombination 
states. In the case of Ge, however, controlled 
doping and compensation measurements have led 
to detailed information concerning the energy levels 
introduced by various chemical impurities. A 


number of interesting trends are observed. For 
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example, the group IB elements Cu, Ag, and Au 
yield three deep lying acceptor levels in Ge, while 
the group IIB elements Cd and Zn yield two ac- 
ceptor levels. Both Ag and Au also give rise to a 
fourth level, which in the case of Au has been 
shown to be a deep lying donor level. 

TYLER indicated that the charge of an ionized 
impurity could often be determined by examining 
the form of the Hall mobility vs. temperature curve 
in the impurity scattering range. This approach 
has verified the earlier work of W. C. DUNLAP Jr., 
which suggested that Au in Ge can, under different 
doping and temperature conditions, assume five 
distinct charge values; these are: +e, 0, —e, 

2e, and —3e, where e is the magnitude of the 
electron charge. 

A general survey of trapping mechanisms for 
free carriers at localized impurities was presented 
by M. Lax (Bell Telephone Laboratories). He 
considered a number of trapping mechanisms, and 
the conditions under which a given one might be 
expected to predominate. Each recombination 
process can be characterized by the agency 
through which the energy of a carrier is dissipated. 
These include: 


(a) Photon emission. This is ordinary radiative 
recombination. 


Two carrier collision. The energy lost by the 
carrier which is trapped is carried away by the 
other carrier. This is similar to the Auger 
effect. 

Exciton annihilation. Electrons and _ holes 
combine to form excitons. An exciton can be 
destroyed by the capture of one member by 
a trap. The energy lost by the trapped mem- 
ber is carried away by the member which 
escapes. 

Multiphonon emission. This may be re- 
garded either as a simultaneous emission of 
many phonons, or as a relaxation of the lattice 
in the neighborhood of the trap following 
capture. 

Phonon cascade. This represents a successive 
absorption or emission of many phonons, with 
a net emission of many phonons the result. 


Lax’s estimates of the capture cross sections for (a) 


(b), and (c) are so small that these modes can be 
ruled out in most applications. In the case of 
shallow traps, however, (a) might be an important 
mode of capture. While no reliable estimates of 
the cross section for (d) are available, LAx does not 
believe that multi-phonon emission can serve as 
an effective recombination mechanism. 

Since Lax considers the phonon cascade mech- 
anism (e) as the most probable recombination 


mechanism under a wide variety of conditions, he 


treats this process in detail. He proposes a cascade 
process analogous to LANGEVIN’s treatment for 
gases. In the first stage, the carrier to be trapped 
diffuses toward the trap, assisted or hindered by 
the Coulomb field of the trap, until it gets to the 
surface of an imaginary sphere surrounding the 
trap. (The radius of this sphere is of the order of 


magnitude of the carrier’s mean free path.) Because 
this diffusion occurs very rapidly, this is not the 
rate-determining stage, as a comparison of the 
theory with experimental capture cross sections 
indicates. 

In the second stage, the carrier performs a ran- 
dom walk up and down the energy scale, absorbing 
or emitting a phonon at each step. Here the carrier 
may be regarded as spiraling in an erratic orbit in 
the neighborhood of the trap. In the final stage, the 
carrier either drops into a bound state and is 
captured, or moves away from the trap and escapes. 
The Coulomb field plays a decisive role in the 
final steps of the capture process. Lax’s work 
demonstrates that substantial progress can be made 
in treating recombination on the basis of first 


principles. 


THIRD SESSION 


G. F. Koster (Massachusetts Institute of Technology) 
Chairman 


This session was devoted to impurity band 
conduction and the theory of disordered crystals. 
H. M. JAMes (Purdue University) reviewed the fac- 
tors involved in the problem of impurity band con- 
duction. He felt that theoretical work on impurity 
bands which treats the impurities as forming an 
ordered array cannot possibly lead to the correct 
distribution of energy levels. A further difficulty 
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with the use of an ordered array is that impurity 
scattering cannot occur. JAMEs considered the 
mechanism of impurity band conduction in terms 
of a random walk model. The probability of a 
carrier jumping from one impurity site to an ad- 
jacent impurity site can be expressed in terms of a 
jump frequency which can be shown to decrease 
with increasing separation between the two im- 
purity sites. SCHOTTKY has theorized that an activa- 
tion energy is associated with the act of jumping. 
Since occupied and unoccupied impurity sites 
produce different lattice distortions, a carrier will 
require an activation energy to make a jump from 
one site to the other. 

At low impurity concentrations, impurity band 
conduction can be treated by diffusion theory. At 
sufficiently high concentrations (10'® to 10!? im- 
purities cm*), conduction will take place along 
preferred paths (networks) formed by the most 
closely spaced impurities, since the jump frequency 
is a decreasing function of the impurity separation. 
At still higher concentrations, all paths will be 
highly probable; in this case the conduction can be 
treated by the usual transport theory. 

JAMEs pointed out that the formation of pre- 
ferred path networks increases very rapidly at a 
threshold concentration of impurities, and sug- 
gested that the path networks play an important 
role in the transition range of concentrations. 
According to JAMEs, the formation of networks can 
be handled to advantage by methods well known in 
high polymer theory. P. W. ANDERSON (Bell 'Tele- 
phone Laboratories) indicated that network forma- 
tion can also be treated by a method of Markorr, 
which has already proved its worth in a theory of 
line broadening developed by MaArGENAU. He also 
con- 


discussed theoretical considerations 


cerning the jump frequency and reported an esti- 


some 


nate of 1 sec for the jump time based on an analysis 
of spin resonance data for Si. Finally, ANDERSON 
suggested that the pairing of ionized donors and 
acceptors may be responsible for the activation 
energy. 

A brief summary of the experimental evidence 
for impurity band conduction was presented by 
H. FritzscHe (Purdue University). His work on 
n- and p-type Ge suggests that the observations 
are indeed of bulk effects, rather than of surface 


phenomena. FrITzscuE also described some studies 
of compensation effects. By heating Ge in the 
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presence of Cu and then quenching, compensating 
p-type impurities can be introduced. This leads to 
an expected increase in the resistivity at tempera- 
tures above the liquid helium range, but to a 
decreased resistivity below liquid helium tempera- 
ture. The latter result was interpreted in terms of 
the following model. In the absence of compen- 
sating acceptors, the vast majority of the donors 
are neutral below 4 K. Whatever conduction takes 
place involves those few donors which are ionized. 
The introduction of compensating acceptors leads 
to an increase in the number of ionized donors, 
and thus to more paths for impurity band conduc- 
tion. This in turn is responsible for the decreased 
resistivity below liquid helium temperature. 

S. Koenic and G. R. GuntHer-Mour (IBM 
Watson Laboratory) also presented data on the 
effect of compensation on the low temperature 
resistivity of Ge, and proposed ANDERSON’s model 
for the activation energy in order to explain the 
low mobility (~ 10-* cm?/volt sec). 

A method for determining the distribution of 
one-electron energy levels in three-dimensional 
disordered alloys by means of perturbation theory 
was described by R. H. PARMENTER (RCA Labora- 
tories). His theory indicates that one-electron 
states in alloys and ordered crystals have many 
characteristics in common. In the case of an alloy, 
the energy may be expressed as a function of a 
pseudo-quantum number Rk. This result appears to 
arise from the use of a perturbation approach. 
Furthermore, the velocity and the effective mass 
may be determined from E(k) exactly as in con- 
ventional energy band theory. 

In an alloy, the density-of-states curve at the 
extremities of an allowed region of energy falls to 
zero gradually, rather than abruptly, as in ordered 
crystals. The introduction of alloying impurities 
tends to reduce the anisotropy of the effective mass 
tensor, where such anisotropy is present in the pure 
material. 

The perturbation approach breaks down when 
localized impurity levels are produced by the in- 
clusion of minority constituent atoms. Even when 
localized states do not arise, divergent terms appear 
in the higher orders of the atomic factions. E. O. 
KANE suggested that the application of a canonical 
transformation developed by VAN VLECK might 
serve to eliminate these troublesome divergent 


terms. 
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R. BRAUNSTEIN and F. HERMAN summarized 
work done by themselves and A. R. Moore (RCA 
Laboratories) on the intrinsic absorption in Ge-Si 
alloys. The spectral dependence of the intrinsic 
absorption near the absorption threshold was 
measured as a function of composition and tem- 
perature. In the case of Ge-rich samples, the data 
at high absorption levels indicated that the thres- 
hold for direct transitions varies linearly with 
composition. The data at low absorption levels 
could be fitted satisfactorily to the form predicted 
by the Macfarlane-Roberts phenomenological 
theory of indirect transitions, over the entire com- 
position range. This suggests that the indirect 
transitions in the alloys are assisted by phonons, 
rather than by disorder scattering, as might be 
supposed at first glance. 

The Macfarlane-Roberts analysis of the ab- 
sorption data leads to an S-shaped curve for the 
variation with composition of the energy of the 
phonon assisting the indirect transitions. This 
result cannot be reconciled with the predictions of 
a virtual-crystal-type calculation of the lattice 
vibrational spectra of the alloys. A more sophisti- 
cated treatment of the problem is clearly 
needed. 

HERMAN considered the 
theory of lattice vibrations in diamond-type crystals, 
and rejected it as inadequate on the ground that it 
predicts too high a value for the Raman frequency. 
He showed how an improved theory could be 
developed with ideas borrowed from molecular 
vibration theory. It is possible to obtain quantita- 
tively satisfactory lattice spectra for diamond, 
silicon, and germanium by the suitable choice of 


Born-Smith- Hsieh 


Six inter-atomic force constants associated with 
nearest and next-nearest neighbor interactions. 
(The Born-Smith-Hsieh theory uses only three.) 
The Raman wave numbers for Si and Ge were 
estimated to be 450 cm-! and 250 cm™|, re- 
spectively, rather than 650 cm~! and 350 cm7! 
given by earlier theories. Consequently and signi- 
ficantly, the optical modes in Si and Ge are more 
highly populated at room temperature than had 
previously been thought. This conclusion has also 
been reached by H. EHRENREICH, on the basis of a 
similar line of reasoning. 


» as 


—_ 
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FOURTH SESSION 


D. Polder (Philips’ Research Laboratories, Eindhoven) 
Chairman 


The theme of this session was the role of polar 
character in determining the electrical and optical 
properties of compound semiconductors. H. 
EHRENREICH (General Electric Research Labora- 
tory) discussed his recent work on the scattering 
of electrons in InSb by acoustical phonons, optical 
phonons, and holes. The relative importance of 
these scattering mechanisms in determining the 
electron mobility and the thermoelectric power in 
the temperature range 200-500°K was carefully 
examined. The nonparabolic nature of the con- 
duction band was taken into account, and the 
effective mass value at the bottom of the band was 
taken as 0-013m, the cyclotron resonance value. A 
systematic treatment of acoustical mode scattering, 
neglecting small piezoelectric effects, showed that 
deformation potential scattering is dominant, but 
this is too small to explain the observed mobility. 
Only the polar interaction couples electrons ap- 
preciably to the optical modes in InSb. The trans- 
port theory developed by HowartH and Sonp- 
HEIMER to treat the polar scattering of carriers by 
polar modes was extended by EHRENREICH to apply 
to non-parabolic bands. The calculated mobility 
agrees closely with the experimental data of 
HrostowskI et al. over the specified temperature 
range, provided the polarization effective ionic 
charge e* is suitably chosen. The effective charge 
so obtained is slightly higher than the one derived 
from infra-red lattice vibration data (see below). 
Excellent agreement between the theoretical 
thermoelectric power, which is independent of e*, 
and the experimental data of WeEIss can be ob- 
tained by using the 0-013m effective mass. 
Electron-hole scattering is significant at tempera- 
tures above 500°K, but not in the specified tem- 
perature range. 

The nature of the electron-lattice interaction in 
piezoelectric crystals was discussed by W. A. 
HARRISON (General Electric Research Laboratory). 
In such crystals there is an electrical polarization 
associated with the acoustical modes of vibration. 
This polarization is responsible for the so-called 
piezoelectric scattering, which can play an im- 
portant réle in electron transport processes at low 
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temperatures. For example, in ZnS an appreciable 
piezoelectric scattering would be expected below 
100°K. Experimental data are lacking to confirm 
this prediction. 

Experimental studies of the low temperature 
mobility in the PbS group of semiconductors were 
reported by R. S. ALLGAIER (Naval Ordnance 
Laboratory). He suggested, by reference to current 
theories of impurity scattering, that the high static 
lielectric constant of these semiconductors is 
responsible for the small magnitude of the impurity 
scattering. 

G. S. Picus discussed the work of G. S. Picus, 

BuRSTEIN, and B. W. HeEnvis (Naval Research 
the lattice vibration 
compound semiconductors. The 
infra-red reflection spectrum in the neighborhood 


iboratory) on infra-red 


perties of 


of the restrahlen frequency was obtained, and then 
analyzed by straightforward dispersion theory, to 
determine the transverse and longitudinal optical 
the 
The effective ionic charge was then cal- 


dielectric 


vibration frequencies and static 

onstant. 
ulated using SZIGETI’s expression for the static 
lielectric constant. The following values were ob- 
tained for the SziGETI effective onic charge, which 
gives a measure of the ionic character: 0-58e for 
InP; 0-34e for InAs; 0-38e for InSb; 0-50e for 
GaAs; 0-18e for GaSb; and 0-41le for AlSb. 

R. F. Potter (National Bureau of Standards) 
attempted to correlate the ionic character and the 
elastic moduli of zinc blende (sphalerite) crystals. 
He constructed a scale which gives the ionic 
character as a function of the elastic constant ratio 
11 yg. This scale is based on the relationship be- 
tween the longitudinal and transverse optical mode 
frequencies for ionic crystals, and also on the Born 
theory of lattice vibrations involving just nearest 
neighbor interactions. However, HERMAN pointed 
out that next-nearest-neighbor interactions must 
be included to describe properly the lattice vibra- 
silicon, and germanium, and 


tions of diamond, 


presumably those of zinc blende crystals as well. 


FIFTH SESSION 


E. N. Adams (Westinghouse Research Laboratories), 
Chairman 


This session was concerned with the effect of 
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strong magnetic fields on bound and free electrons 
in semiconductors. Y. YAFET described the work of 
Y. YareT, R. W. Keyes, and E. N. Apams (West- 
inghouse Research Laboratories) on the theory of 
an isolated hydrogenic impurity atom in a semi- 
conductor subjected to a strong magnetic field. 
The application of a magnetic field compresses the 
ground state orbital in all directions, particularly 
in the transverse direction. There is an increase in 
the energy of binding between a donor ion and an 
electron as a result of the shrinkage of the ground 
state orbital. To observe this effect at experi- 
mentally realizable magnetic field strengths, it is 
necessary to work with crystals having large 
dielectric constants and small carrier effective 
masses. From this standpoint, n-type InSb is an 
ideal substance to study. 

In principle, the effect of a strong magnetic field 
on the ionization energy of a donor electron can be 
detected by observing changes in the optical ab- 


sorption or changes in the electrical properties. In 


the case of InSb, it is more convenient to use the 
latter method. A change in the ionization energy of 
a donor electron will result in a change in the free 
carrier population at sufficiently low temperatures. 
This can be detected by studying the magnetic 
field dependence of the conductivity and the Hall 
effect. Since the density of free carrier states and 
the ionization energy of bound states both increase 
with magnetic field, the sign of the net change of 
the free carrier population will depend upon which 
of the two effects is dominant. 

R. J. SLapek described experimental studies by 
himself and R. W. Keyes (Westinghouse Research 
Laboratories) of the effects mentioned in the pre- 
vious paper. The Hall constant and the electrical 
conductivity of n-type InSb samples were mea- 
sured in the liquid helium range in fields up to 
80,000 gauss. In a sample containing 410" 
donors/cm?, the 
sharply when the field was raised above 20,000 
gauss, and at the highest field was fifty times 
smaller than at zero field. This change is far greater 
than that predicted by theories based on ordinary 


number of carriers decreased 


mechanisms for a field dependent Hall constant. 
Consequently, the experimental results suggest 
that the energy difference between a donor im- 
purity level and the bottom of the conduction band 
can be increased by the application of a strong 
magnetic field, and the distribution of electrons 
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between the conduction band and impurity states 
can thereby be altered. 

Current-voltage curves taken with a high mag- 
netic field applied indicated a rapid increase in 
conductivity at a critical field. SLADEK suggested 
that the effect may possibly be due to a field 
dependent mobility involving ionized impurity 
scattering. 

It is not possible to interpret the experimental 
data mentioned in the next to the last paragraph 
quantitatively on the basis of the theory described 
by Yaret; YAFET’s theory is based on isolated 
impurity states, while SLADEK’s experiments were 
carried out on samples in which the donor wave 
functions overlap or very nearly overlap. ‘Thus, in 
a sample containing 2 x 10!® donors/cm*, where the 
overlap of donor wave functions is appreciable, 
there is no large decrease in free carrier concentra- 
tion with increasing magnetic field. 

H. P. R. FREDERIKSE reported some experiments 
on galvanomagnetic effects in n-type InSb carried 
out by himself and W. R. Hos Ler (National Bureau 
of Standards). Quantum effects were observed in 
high and medium fields at 78°K and 4-2 K. In the 
helium range, the magnetoresistance vs. magnetic 
field strength curve exhibited a kink suggestive of 
the oscillatory behavior observed in metals (DE 
Haas-VAN ALPHEN effect). The application of high 
magnetic fields produced a ‘“‘freeze-out’’ or re- 
duction of the free carrier population. He also re- 
ported a rapid increase in conductivity with electric 
field in the presence of a high magnetic field. ‘This 
result is in accord with SLADEK’s result. FREDERIKSE 
suggested as another possibility that this effect 
may be due to impact ionization of the bound 
carriers. 

The application of strong magnetic fields at 78° K 
gives rise to a magnetoresistance effect proportional 
to H, and to a nonzero longitudinal effect. ‘The 
latter result is consistent with the predictions of a 
refined theory of magnetoresistance in strong 
magnetic fields recently developed by P. N. 
Arcyres and E. N. Apams (Phys. Rev., in press), 
which takes proper account of orbital quantization 
effects. 

E. BursteIN discussed the work of himself and 
G. S. Picus (Naval Research Laboratory) on the 
interband magneto-optic effect in semiconductors, 
i.e. the effect of a magnetic field on optical inter- 
band transitions. BursTEIN described the condi- 
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tions required for observing a well defined inter- 
band magneto-optic effect. He indicated that this 
effect is related to cyclotron resonance in the same 
way that the ZEEMAN effect is related to para- 
magnetic resonance. Thus, both cyclotron reson- 
ance and the interband magneto-optic effect involve 
the coalescence of the energy levels of the valence 
and conduction band states into one-dimensional 
sub-bands. In cyclotron resonance, the optical 
transitions occur between magnetic sub-bands of 
the same energy band, while in the interband 
magneto-optic effect they occur between magnetic 
sub-bands belonging to different energy bands. 

In the case of InSb, BuRSTEIN reported that, in 
addition to the shift of the absorption edge to 
shorter wavelengths due to an increase in the 
optical band gap by the magnetic field, a number 
of pronounced absorption peaks appear in the 
absorption spectrum at wavelengths shorter than 
the intrinsic absorption edge. These peaks are 
seen at magnetic fields as low as 15,000 gauss. They 
are ascribed to electronic transitions between the 
magnetic sub-bands of the light-hole valence band 
and the magnetic sub-bands of the conduction 
band. From the separation between the peaks 
BursTEIN and Picus derived a value of 0-016m for 
the electron effective mass, in agreement with the 
infra-red cyclotron resonance value for comparable 
magnetic field. A similar analysis led to a value of 
0-04m for the light hole effective mass. The latter 
result must be regarded as a rough estimate, how- 
ever, since the existence of quantum effects arising 
from the degeneracy of the valence bands obscures 
the interpretation of the data. 

B. Lax reviewed the work of himself, R. N. 
Keyes, S. ZwERDLING, S. Foner, and H. H. 
Koi (Lincoln Laboratory Massachusetts Insti- 
tute of Technology) on cyclotron resonance and 
magnetic band gap effects in InSb and InAs. High- 
pulsed magnetic fields (up to 300,000 gauss) were 
used in the experiments described by Lax. The 
cyclotron resonance experiments were carried out 
using both reflection- and transmission-type 
systems. The electron effective mass in InSb was 
found to increase appreciably with increasing 
magnetic field; a value of about 0-035m was reached 
at the highest magnetic field strength. The results 
of this experiment confirm the nonparabolic 
character of the conduction band of InSb, and 
serve to bridge the low effective mass values 
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obtained in the microwave cyclotron resonance ex- 
periments with the high values obtained in a variety 
of other experiments. 

Lax discussed some cyclotron resonance studies 
of bismuth at high magnetic fields which indicate 
that bismuth may become a semiconductor at 
sufficiently high fields. The effective mass values 
derived from this work compare favorably with 


those obtained from DE HAAS-vAN ALPHEN ex- 


periments. 
The Lincoln Laboratory group also reported 
preliminary results on the effect of a magnetic field 


on the infra-red absorption spectrum of Ge. Like 
InSb, Ge exhibits a fine structure at wavelengths 
shorter than the threshold for intrinsic absorption. 
In both cases this fine structure is attributed to 
vertical electronic transitions from the quantized 
levels of the valence band to the quantized levels of 
the [000] minimum of the conduction band. 


SIXTH AND FINAL SESSION 


H. B. Callen (University of Pennsylvania), 
Chairman 


The role of paramagnetic resonance and mag- 
netic susceptibility measurements in clarifying 
electronic behavior in semiconductors constituted 
the theme of this session. R. Bowers (Westing- 
house Research Laboratories) discussed his recent 
measurements of the magnetic susceptibility of 
variously doped samples of Si and Ge at tempera- 
tures in the liquid helium range (1-5 to 10°K). In 
this range, the susceptibility is independent of 
temperature in pure Si and Ge. If these crystals 
are weakly doped with donor-type impurities, 
bound donor states are produced. This gives rise 
to a (spin) paramagnetic susceptibility which is 
inversely proportional to temperature. 

In Ge samples having a donor impurity con- 
centration of the order of 10'® cm~%, the suscepti- 
bility is again temperature independent. In 
similarly doped Si samples, the spin susceptibility 
the susceptibility exhibits a 
temperature dependence. [D. K. Stevens (Oak 
Ridge National Laboratory) reported that similar 
studies of Si show that the susceptibility is tem- 
perature independent for impurity concentrations 
8] The absence of a spin con- 


is still observed: 1.e., 


of 10'8 to 10!% cm 
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tribution to the susceptibility in the case of Ge is 
ascribed to the overlap of the donor wave functions. 
In Si, however, there is no overlap of the donor 
wave functions at a concentration of 1016 cm-3, and 
hence one sees the contribution of the localized 
spins. This also accounts for the fact that electron 
spin resonance has been detected in n-type Si, but 
not in m-type Ge, at this impurity concentration. 
P. W. ANDERSON (Bell Telephone Laboratories) 
discussed some applications of paramagnetic reson- 
ance techniques to semiconductor physics. The 
first portion of the paper reported the investigations 
by R. G. SHULMAN of the relaxation times of 
Sigg (I = 1/2) nuclei, which comprise 4:5 per cent 
of natural Si. Relaxation times of the order of many 
hours were observed in Si crystals containing 10!4 
free carriers. The experimental curves for the 
reciprocal longitudinal relaxation time (1/7;) vs. 
the number of free carriers could be fitted rather 
well by an expression of the form: 1/T, 
1 7T,,+-1/T,,,, where 1/7T,, 1s directly proportional 
and 1/7;,,, independent of the free carrier con- 
centration. The relaxation time 7’, arises from the 
hyperfine interaction between the nuclear spin and 
the free carrier spin. This interaction has been 
studied theoretically by both BLOEMBERGEN and 
Korrinca. The physical mechanism responsible 
for the residual relaxation time 7,,,,, is not presently 
understood. Nevertheless, since 7,, and T7;,, 
depend differently on the carrier concentration, 
their contributions to the experimental 7, can 
be separated. From a knowledge of Tj, it 1s 
possible to gain some information about the mag- 
nitude of the free carrier (electron) wave function 
at the positions of the Sigg nuclei in the crystal, 
and therein lies the value of this experiment. 
The remainder of ANDERSON’s paper treated G. 
FEHER’s recent studies of donor electron wave 
functions in P doped Si by means of the so-called 
“double resonance” technique. The multiplet 
structure associated with the spin-spin interaction 
between a P nucleus (J = 1/2) and its bound donor 
electron is composed of two high-lying levels, a 
and 5, and two low-lying levels, c and d. [E, > E, 
> E, > E,.| The pertinent selection rules allow 
the following transitions: a < d and b 4c. Under 
equilibrium conditions, the populations of a and 
b are nearly equal, the populations of c and d are 
nearly equal, but the population of a or } is 
significantly less than that of c or d. By applying a 
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radiofrequency signal (A ~ 55 Mc), it is possible to 
induce transitions from d to a, equalizing the 
populations of these two levels. During this pro- 
cess, the populations of b and ¢ remain unchanged. 
So far we have only been concerned with the 
multiplet structure arising from the interaction 
between the donor electron and its parent 
nucleus. 

Superimposed on this structure is a fine struc- 
ture associated with the interaction between a 
donor electron and any Sigg nucleus it happens to 
encounter in the course of its motion. Since the 
shift in energy produced by such hyperfine inter- 
actions depends upon the magnitude of the electron 
wave function at the nuclear position, there will be 
different energy shifts superimposed on the original 
multiplet structure for different locations of the 
Sigg nucleus relative to the P nucleus. 

A second radiofrequency signal B is now swept 
through the range 2 to 6 Mc. This induces transi- 
tions between the various shifted levels of a and ), 
and between the various shifted levels of c and d. 
Whenever such transitions occur, they disturb the 
populations of a and d. This is observed as a 
change in the absorption of the original signal A. It 
is possible to obtain detailed information regarding 
the magnitude of the donor electron wave function 
as a function of distance from the P nucleus from a 
plot of absorption at signal A against the frequency 
of signal B. FEHER’s ‘‘double resonance” technique 
is a very powerful and versatile one, and is likely to 
find wide application in the study of imperfections 
in semiconductors. 

In the next paper J. A. KRuMHANSL (National 
Carbon Research Laboratories) discussed the 
theory of the intrinsic magnetic susceptibility of 
crystals. ‘The work reported was done in collabora- 
tion with H. Brooks (presently at the Cavendish 
Laboratory, Cambridge University). The intrinsic 
susceptibility arising from core electrons, and from 
electrons in the valence and conduction bands, is 
diamagnetic in character. When the temperature is 
raised, the experimentally observed diamagnetism 
in Ge, Si, and InSb is found to decrease. KRUM- 
HANSL and Brooks attribute this decrease to the 
superimposed VAN VLECK paramagnetism, which 
is produced by the polarization of the valence 
electrons by the applied magnetic field. 

KRUMHANSL has made a semi-quantitative cal- 
culation of the VAN VLECK contribution to the 


susceptibility of Ge, using conventional second 
order perturbation theory, and the current model 
of the energy band structure. This work leads to 
the correct order of magnitude and sign for the 
effect. A fully quantitative calculation is not 
possible at present since a major contribution to 
the susceptibility arises from parts of the energy 
band structure away from the band edges. 
KRUMHANSL can explain the temperature depend- 
ence of the VAN VLECK paramagnetism by assuming 
that the valence and conduction bands move 
rigidly with respect to each other as the tempera- 
ture is varied. It is also assumed that the energy 
denominators appearing in the second order per- 
turbation terms all decrease with temperature at 
the same rate as the energy gap decreases with 
temperature. Hence the paramagnetism increases 
with temperature, which is the desired result. 

In the final paper, J. W. McCture (National 
Carbon Research Laboratories) described his work 
on the energy band structure and the diamagnetic 
susceptibility of graphite. He explained the large 
magnitude of the susceptibility in terms of the 
peculiar energy band structure. McCLurRE showed 
how the general form of the band structure near 
the valence and conduction band edges can be 
determined with the aid of perturbation theory 
and group theory. Unfortunately, the general ex- 
pressions for E(k) contain about a dozen para- 
meters the values of which are not known at 
present. In order to gain some insight into the 
nature of the band structure, McCLurE assigns 
plausible values to these parameters, and then cal- 
culates E(k). The surfaces of constant energy are 
remarkably complex within a few 0-001 eV of the 
band edges. This was amply demonstrated by 
McC vrtr’s perspective drawings of the graphite 
energy surfaces. 

In conclusion, it might be noted that it is quite 
difficult to assess the relative value of the various 
contributions to the Symposium, especially be- 
cause so much of the work reported is of recent 
origin. However, it appears to this observer that 
the studies by the Naval Research Laboratory and 
Lincoln Laboratory groups of magnetic field effects 
in semiconductors, and the paramagnetic resonance 
investigations carried out at the Bell Telephone 
Laboratories, were among the most striking re- 
ported. The further refinement and elaboration of 
these and related techniques offer vast promise for 
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It seems certain that much new in- 


ion about semiconductors will be learned 


tormat 
from such work. 
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yf this report. In particular, the author wishes to 
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Moore, R. H. PARMENTER, and M. C. STEELE of the 
RCA Laboratories for their helpful comments and 
criticisms. 

FRANK HERMAN 


RCA Laboratories, Princeton, N.J. 





LETTER 


The bleaching of color centers in KCl crystals 
containing U-centers 


(Received 8 September 1956) 


It was reported in 1933 (1) that F centers which 
have been formed in alkali halide crystals from U 
centers, are thermally unstable; at high tempera- 
ture some of the F centers are reconverted into U 
centers. A negatively charged hydrogen ion H 
occupying substitutionally the position of a halogen 
ion is the model of a U center (2). 

We have found that such F centers can be com- 
pletely converted to U centers by optical bleaching 
with radiation absorbed in the F band at 20°C. 
This paper discusses certain features of the bleach- 
ing process. 

U centers were formed in KC1 crystals obtained 
from the Harshaw Chemical Company by additive 
coloration in potassium vapor and subsequent 
heating under a high pressure of hydrogen gas. 
The concentration of U centers formed in this 
manner was approximately 5 x 10!’ per cm’. 


20°C 

The crystals were irradiated with unfiltered 
ultra-violet radiation from a hydrogen discharge 
tube and the U centers converted partially to F 
centers. The visible radiation from the discharge 
tube was so weak that M and R bands were not 
produced in this process. 

The optical bleaching of the # band by mono- 
chromatic radiation, whose wavelength coincided 
with that of the F band maximum, was observed. 
At the beginning of the F-light irradiation, only 
the M band was formed and at the next stage of 
further irradiation, the R bands appeared with the 
decrease of M absorption, as in the case of an 
additively colored crystal. However, long illumina- 
tion with monochromatic radiation absorbed by the 
F band destroyed not only the F band but also the 


M and R bands. 


(1) Optical bleaching at 


(2) Thermal bleaching of F and M centers at +-20°C 

A crystal exhibiting both the F and M bands 
was prepared by irradiation with ultra-violet radia- 
tion and subsequent optical bleaching of the F 
band. The thermal bleaching of the F and M 
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centers was measured in the dark at +20°C. Th: 
curves of Fig. 1 show that the F and M bands 
bleach simultaneously and by nearly the same 
amount. After the disappearance of the M band, 
the thermal bleaching of the F centers ceases. It 
must be emphasized that the F centers are unstable 
in the dark at +20°C only if M centers are present 
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obtained from U centers, in 


From the optical transformation of F into M 
centers in additively colored crystals the oscillator 
strength of the M band can be experimentally 
determined. With these results we conclude from 
the data of Fig. 1 that the same number of F and 
M centers were bleached. 


(3) Bleaching of the M band by ultra-violet light at 
et, 

The F and M bands are stable in the dark at 

18°C but the M band is easily destroyed by a 
short irradiation with ultraviolet light from the 
hydrogen discharge tube. Since the crystal absorbs 
only in the U band in the ultra-violet region of the 
spectrum, the action of the ultra-violet light is to 
be explained as due to a local warming of the 
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crystal by heat released in the decay of an excited 
alternative 


center 


explanation is that the local heating is due to the 


to the ground state. An 
recombination of two ionized U centers. These 
‘xplanations are plausible in view of the instability 
f the M center at +20°C. 

\ recent paramagnetic investigation of ionized 
1] centers (3) showed that the neutral hydrogen 
atom which is formed by ultra-violet irradiation at 
— 180 C disappears on warming to room tempera- 
ture. Presumably the hydrogen atoms combine to 
orm mole C ule Ss. 

\ssuming the formation of hydrogen molecules 
rrent models of the U and M centers (4) our 


results show that the very small migration energy 


and cu 


f the hydrogen molecule and the facts of Fig. 1 


an be explained by the following reactions: 


M — H-»-+] 
— U/-cente1 vacancy palit 


— (/-center 


H +f 
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V_ and V represent negative and positive ion 
vacancies, respectively. Reaction (a), however, 
does not seem to be energetically possible. 

To clarify this situation, experiments are being 
performed over a wide temperature range and will 
be reported in the near future. 


MasaAyasu UETA 
MASAMITSU HIRAI 


Department of Physics 
University of Tohoku 
Sendai, Fapan 
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ON DILUTE 


ALLOYS OF Mn IN Cu, Ag AND Mg* 


J. OWEN,+ M. E. BROWNE, V. ARP, and A. F. KIP 


Department of Physics, University of California, Berkeley, California 


(Received 22 October 1956) 


Abstract—An account is given of some magnetic measurements made on alloys of Cu containing 
from 0-03 to 11 atomic per cent Mn in the temperature range 2° to 400°K. Less detailed work on Ag 
Mn and Mg Mn is also described. All of these alloys are found to obey a Curie-Weiss susceptibility 
law, and show an electron spin resonance line with free spin g-value. For most alloys the measured 
Curie constant suggests that there are between 4 and 5 unpaired electron spins per Mn atom. At low 
temperatures, alloys with more than about 1 at. per cent Mn appear to be antiferromagnetic, and 
show what can be interpreted as an unusual form of antiferromagnetic resonance absorption. Broadly 


speaking, the magnetic behavior is rather like that expected of Mn? 


* ions coupled by strong short 


range interactions such as direct and superexchange. The expected long-range indirect exchange 


via conduction electrons appears to be extremely small, as has been previously pointed out by 


OwEN, BRowNE, KNIGHT and KITTEL. 


THE magnetic properties of alloys of copper con- 
taining up to a few atomic per cent of manganese 
have been discussed in a recent publication”? by 
OwEN, BROWNE, KNIGHT and KITTEL (henceforth 
referred to as paper A). These authors emphasized 
the consequences of an s-d exchange coupling 
between the conduction electrons of the host metal 
and the 3d° cores of the Mn atoms. ‘The expected 
effects include indirect exchange ferromagnetism, 
a short spin-lattice relaxation time for the Mn 
d-electrons, a shift in the spin resonance absorption 
line from these d-electrons, and a change in the 
KNIGHT shift of the Cu nuclear spin resonance line. 
Experimentally however, it was found that these 
effects were mostly smaller than expected, and 
while the experimental results did not exclude the 
possibility of s-d exchange coupling, they indicated 
that it may be ten or more times smaller than the 


* Supported in part by the Office of Naval Research 
and the U.S. Signal Corps. 

+ Foreign Operations Administration Fellow; now at 
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California. 


value expected on a simple model in which the 
Mn was assumed to be present as free Mn** ions. 
The main purpose of the present paper is to give 
a detailed account of some of the experimental 
results quoted in A. In particular, we will describe 
electron spin resonance and paramagnetic suscepti- 
bility measurements of the Cu-Mn system, with 
Mn concentration ranging from 0-03 to 11 atomic 
per cent. We will also describe some less detailed 
work on Ag Mn and Mg Mn. Some features of the 
results are as follows: (1) the high-temperature 
susceptibility obeys a Curie-Weiss law, y 
C/(T—6). ‘The experimental Curie constant C is 
smaller than the value which would be expected if 
each Mn atom had electronic spin S = 5/2, but 
for most alloys is larger than the value correspond- 
ing to § 2. (For an Mn** ion, configuration 
3d°, the ground state is °S;), 
The Weiss constant @ is positive and increases with 


with spin S 5/2). 


Mn concentration. These results are substantially 
in agreement with those of previous authors. * 
(2) There is a_ gradual transition to anti- 
ferromagnetism as the temperature is lowered, the 
maximum susceptibility occurring when 7 is 
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slightly greater than 6. There is also a very small 
residual ferromagnetic moment when T < 6. (3) 
The high temperature spin resonance measure- 
ments show that there is a single absorption line 
with g-value close to 2-0, after correction for skin 
effects. This is not inconsistent with the resonance 
expected from the ®S;). ground state of a Mn?* ion 
provided any zero field splittings (including Mn*® 
h.f.s.) are either less than the minimum line width 
~ 100 gauss, or are narrowed out by exchange. 
(4) The temperature dependance of the line width 
suggests that the spin lattice relaxation time is 
much shorter than that of Mn®* ions in ionic 
crystals. (5) At low temperatures, T <0, the 
resonance line shifts to much lower magnetic field, 
and shows some features typical of antiferro- 
magnetic resonance. 

We will first describe the experimental measure- 
1ents, paying some attention to the preparation of 


n 
the alloys. We will then discuss the susceptibility 


and antiferromagnetic resonance results, which are 
dealt with only briefly in paper A, and indicate how 
far they are consistent with a simple molecular 
field model. The broad conclusion drawn from this 
discussion, and that of paper A, is that the s—d ex- 
change coupling may be 1/10 to 1/20 of the free ion 
expectation, and that, at least in alloys containing 
more than about 1 atomic per cent Mn, the mag- 
netic properties are dominated by short range 
Mn-Mn interactions such as direct and super ex- 


change. 


EXPERIMENTAL* 
Composition and structure of alloys 
The alloys which have been measured in the present 
experiments are Cu plus 0-029, 0-07, 0-5, 1-4, 5-6, 11-1 
Ag plus 2-0, 4-2 at. per cent Mn; Mg 
The Cu and Ag alloys were 


at. per cent Mn; 
plus 0-67 at. per cent Mn 
prepared in the manner described below, and their com- 
colorimetric chemical 


position was determined by 


analysis. Three different parts of each alloy were analysed 
nd showed a variation of Mn concentration of less than 
There was no evidence of other impurities 


a 
5 per cent 
except for the 4.2 at. per cent Ag-Mn alloy, where a trace 


of sulphur was present in the form of silver sulphide. 
The purity 


spectroscopic analysis, which showed less than 0-05 per 


of some of the samples was also checked by 


cent Si, and no detectable amounts of Al, Fe, Sn, Zn, 
Ni, Pb or Cd. Alloys of Mg Mn were kindly prepared and 
analysed for us by the Dow Chemical Company. 


* A more detailed account of some aspects of these 
experiments can be found in M. E. BROwWNe’s Thesis, 
University of California, Berkeley, Calif. (1956). 
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The structure of the Cu-Mn and Ag-Mn alloys is face 
centred cubic. For pure Cu the lattice constant is 
a = 3-61 A, and for Ag, a = 4:08 A. For substitutional 
Cu-Mn alloys, a = 3-64 A for 11 at. per cent Mn, in- 
increasing to a = 3-75 A for 75 at. per cent Mn.f In our 
range of 0 to 11 at. per cent, we are well within the 
solubility limit, and the lattice constant varies by less 
than 1 per cent. The Mg-Mn alloy is expected to have the 
same structure as Mg, which is hexagonal close packed 
with a = 3:20 A and C = 5:20 A. The generally ac- 
cepted solubility limit is ~ 0-67 at. per cent Mn, and in 
view of the low susceptibility of this alloy, there is some 
doubt as to whether all the Mn was really in solid solu- 
tion although the material had been annealed for 144 
hours at 1100°F and fast cooled. 

While discussing the structure, it is of interest to note 
the expected order of magnitude of the Mn-Mn separa- 
tion. We assume fractional concentration C of Mn to be 
randomly distributed over f.c.c. lattice sites. Each site 
has m, = 12 nearest neighbor sites at distance a/+/2, 
n. = 54 sites up to distance 2 a/1/2, and nz = 152 sites 
up to 3a/1\ 2. The probability that a given Mn ion has at 
least one Mn neighbor on one of the 7 nearest sites is 
p =1-(1—C)". With 1-4 at. Mn, that is 
C = 0-014, p, = 17 per cent, p. = 55 per cent, ps; = 90 
per cent. Thus, even in this fairly dilute alloy, about 17 
per cent of the Mn ions are nearest neighbors, while 
nearly all the remaining Mn ions have at least one Mn 
neighbor separated by only one or two atoms of the host 


per cent 


metal. 


PREPARATION OF SAMPLES 

The Cu-Mn and Ag-Mn alloys were made by mixing 
the two components under a third of an atmosphere of 
Argon in a furnace. The 
material was held in an alundum crucible, and main- 
tained at a temperature about 50°C above the melting 
point of Cu (1083°C) for 5 hours. The two most dilute 
alloys were made from a mixture of Cu and the Cu plus 
5-6 at. per cent Mn alloy. The ingots were heat treated 
at about 850°C for 24 hours. 

Suitable specimens for the different magnetic mea- 


high-frequency induction 


surements were obtained as follows. For the suscepti- 
bility experiments part of each ingot was remelted into a 
graphite mould to give a rod 19 cm long by 0:5 cm dia- 
meter. For nuclear spin-resonance experiments (des- 
cribed in A) the 0-029 per cent Cu-Mn rod was filed 
down after susceptibility measurements were completed, 
and the filings which passed through a 325-mesh sieve 


were suspended in paraffin wax. 


+t An account of the structure and neutron diffraction 
spectra of concentrated Cu-Mn alloys is given by D. 
MENEGHETTI and S. S. SrpHu, Report ANL-5230, 
Argonne National Laboratory, (1954); and by G. E. 
BACON and R. STREET (to be published). In concentrated 
alloys, a tetragonal distortion of the f.c.c. structure 
appears to set in when the temperature is lowered 
through the antiferromagnetic transition. The isotropic 
behavior of our fairly dilute alloys suggests that there is 


no such distortion in our case. 
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For the electron spin resonance experiments, slices 
from each ingot were rolled to a thickness of about 
0-006 inches. The foils were then annealed at about 
800°C to relieve strains. The length of this anneal had 
no appreciable effect on the position of the resonance 
line, but there was some evidence for a reduced line 
width at low temperatures in samples that had been 
given a longer anneal. This reduction was particularly 
marked in a single crystal of Cu+5-6 per cent Mn 
which, of course, had not been cold worked at all. We 
attribute this effect partly to greater homogeneity of Mn 
distribution, and partly to a more complete absence of 
strains which might cause local anisotropy fields. ‘There 
is previous evidence from susceptibility measurements'®) 
that cold work affects the magnetic properties of these 
alloys. In the present susceptibility measurements the 
specimens were not cold worked. 

All of the foils for spin-resonance experiments had at 
least 0-001 inches of their surface etched away by a nitric 
acid solution before measurement. Since the microwave 
skin depth is very small (less than 10~4 inches) it is im- 
portant to have a clean surface containing a representa- 
tive Mn distribution. 

Single crystals of Cu plus 1-4 and 5-6 at. per cent Mn 
were made by remelting some of the solid solution into a 
graphite mould under an atmosphere of helium in an 
Invar tube furnace. The temperature gradient was ar- 
ranged so that on cooling, the freezing point took about 
three hours to traverse the sample of dimensions 1 cm. 
The crystal directions of the 5-6 per cent alloy were 
determined by X-ray techniques, and thin slices corres- 
ponding to the (1,1,0) and (1,1,1) planes were cut with an 
acid saw. These directions were rechecked after cutting, 
and were found to be correct within --4 degrees. 


SUSCEPTIBILITY MEASUREMENTS 
The specimens were in the form of rods about 19 cm 
long and 0:5 cm diameter, and their susceptibility was 
measured with a simple Gouy balance (Fig. 1). The 
lower end of the rod was in a uniform field H and the 
upper end in field H’ » ;)H. The pull F on the rod is 
related to the volume susceptibility x by 


(1) 


where A is the cross-section. The pull was measured 
with a Sartorius microbalance which was read to 100 yg. 
In a typical case, say 1:4 per cent Mn in Cu at 80°K with 
H = 5000 gauss, F ~ 250 mg. Each specimen was 
measured in five different magnetic fields between 0 and 
5000 gauss, and it was found that there was no significant 
dependence of x on H, though this was expected in anti- 
ferromagnetic specimens below T ~ @. Fields up to 
10,000 gauss were also used at temperatures where the 
alloys were paramagnetic, but these higher fields were 
never used in the antiferromagnetic region in order to 
avoid complications arising from the small ferromagnetic 
moment (see below). 
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Fic. 1. Low temperature Gouy Balance. 


The temperature range was 4:2°K to 373°K. Above 
about 14°K this was achieved with the arrangement 
shown in Fig. 1, using constant temperature baths of 
boiling water, room temperature CO, and alcohol, liquid 
nitrogen and liquid hydrogen. Additional temperatures 
could be obtained by pumping the refrigerant, or by 
letting the sample warm up slowly after the refrigerant 
had evaporated. The purpose of the He gas was (a) to 
serve as a heat exchanger so that the sample reached the 
temperature of its surroundings reasonably quickly; and, 
more important, (b) a slight over pressure of He gas 
greatly reduced the rate of ice formation on the sample 
and walls of the inner vessel since it helped to prevent air 
getting in. The measurements at 4:2°K were made by 
immersing the sample directly in liquid helium; the heat 
leak was low, and bubbling of the helium did not interfere 
with the measurement. The temperatures were mea- 
sured with an Ag Au— Ag Co thermocouple, and were 
further checked at all the fixed points by running a 
standard paramagnetic salt (Mn Tutton salt) of known 
susceptibility. 


The results of these susceptibility measurements 
are plotted in Figs. 2, 3, 4 and 5. The values re- 
present that part of the volume susceptibility 
which is due to the Mn, which means that the 
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Fic. 2. Inverse of volume susceptibility y versus tem- Fic. 3. Inverse of volume susceptibility x versus tem- 
perature in paramagnetic region. perature at low temperatures. 
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Fic. 4. Inverse of volume susceptibility of Mg+0-67 at. Fic Inverse of volume susceptibility of Cu+0-029 
per cent Mn versus temperature. at. per cent Mn versus temperature. 
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small temperature independent susceptibility of 
the host material has been subtracted from the 
directly measured values of y given by equation 1. 
For most of the points this is a correction of less 
than 1 per cent, the volume susceptibilities of Cu, 
Ag and Mg being —0-76, —2:1 and +0-95 
< 10-* e.m.u. respectively. It can be seen that the 
results are fairly accurately represented by a Curie- 
Weiss law y = C/(T—0) when T > 9. As the 
temperature is lowered there appears to be a 
gradual transition to antiferromagnetism, the 
maximum susceptibility occurring at a temperature 
slightly higher than @. These results are summar- 
ized in Table 1, where the Curie constant is ex- 
pressed in terms of the value C, which would be 
expected if all the Mn were present as free Mn** 
ions. That is, 


Cy = Ng*u2S(S+1)/3k (2) 


where N is the number of Mn ions per cc, g = 2. 


and S = §/2. 

The error given for C/C, mainly represents un- 
certainty in the effective cross-section of the rods 
which were not quite uniform, slight variations in 
Mn concentration along the length of the rod, and 
uncertainty in the determination of the absolute 
concentration at any one point. The error due to 
incomplete solution of the Mn is not known. It is 
probably fairly small in Cu Mn and Ag Mn, but 


Table 1. Summary of susceptibility determinations 


Relative 

(a) Curie 

constant 
Ce, 


Curie Transition 


temperature 


Atomic 
per cent 


of Mn 


Host 
Metal 


region 
in i 


80 to 120 


0-62 
30 to 60 


10 to 15 


0-029 | 0-70 
4-2 0-89 


0-36 +0-04 


10 to 20 


Mg 0:67 0 to 4 


(a) Cy is calculated for free Mn?* ions (eqn. 2). The 
calculated value would be 0:69 C, if the spin per Mn 
were S = 2. 


the very low Curie constant of Mg Mn, (where we 
are working near the solubility limit), suggests, 
there may be a large error in this case. 


MEASUREMENT OF RESIDUAL 
FERROMAGNETIC MOMENT 


Two alloys, Cu plus 1-4 at. per cent Mn and Cu 
plus 5-6 at. per cent Mn, were investigated for 
ferromagnetism. The measurements were made by 
moving a rod of the sample into or out of a coil of 
40,000 turns, diameter approximately 1 cm, and 
measuring the change in flux with a fluxmeter. The 
effect of variations in stray magnetic fields was 
eliminated by having a similar, but oppositely 
wound coil connected close to the first one. Both 
sample and coils were immersed in liquid helium, 
and higher temperature points could be obtained 
by letting the sample warm up slowly after the 
helium had evaporated. The apparatus was placed 
inside a large solenoid so that an external magnetic 
field of up to +5000 gauss could be applied along 
the axis of the sample. 

For both alloys a small spontaneous magnetiza- 
tion was observed at 4°K, whose magnitude de- 
pended on the magnetic field in which the speci- 
men was cooled. The main features of the results 
can be summarized as follows: 

(a) Sample cooled from 77°K to 4°K in zero 
magnetic field. As H was subsequently increased 
to 5000 gauss the magnetic moment was found to 
be M = yH, with y in agreement with the values 
found from the Gouy balance measurements 
within the experimental error. When H was then 
reduced to zero, there remained a very small 
residual magnetization with magnitude corres- 
ponding to rather less than 0-01 Bohr magneton 
per Mn atom. This zero field moment could be 
5000 gauss. 


4°K in H 


+5000 gauss. The results were the same as in 


reversed by applying H 
(b) Sample cooled from 77° to 


(a) except for the addition of a hard component of 
positive magnetization jz, which could not be re- 
5000 gauss. The total 


versed by applying H 
magnetic moment was then approximately M 


u+yH. The magnitude of » corresponded to 
0-025 wz per Mn atom for the 1-4 per cent Mn 
alloy, and 0-07 ug per Mn atom for the 5-6 per 
cent Mn alloy. Alternatively, assuming the satura- 
tion moment of each Mn to be 5y,, one might say 
that there was 0-5 per cent alignment of the Mn 
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ions in the first alloy, and 1-4 per cent alignment 
in the second. 

(c) As the temperature was raised, approximate 
that the mag- 
netization decayed exponentially, becoming zero at 

antiferromagnetic 


the transition 
It is perhaps worth remarking that 


measurements showed remanent 
approximately 
temperature : 
this decay was not continuous, but appeared to 
consist of small discrete jumps. 


Similar (unpublished) measurements of the 


small remanent magnetization in dilute Cu-Mn 
alloys have been made independently by I. S$. 
Jacoss and C., P. Bran at the General Electric Re- 
search Laboratory. Larger ferromagnetic moments 
have also been reported recently“) in Au-Mn and 
Ag-Mn alloys. It is possible that the spontaneous 
magnetization is due to the presence of a small 
amount of a second phase in the alloy which is 
ferromagnetic, or, alternatively, it might be due to 


unequal distribution of and Mn magnetic 
moments over the antiferromagnetic sublattices. In 
any case, we find the effect to be very small com- 
pared with the predominant antiferromagnetism, 
and almost negligible when the specimen is cooled 
in zero magnetic field. For all the susceptibility and 
spin resonance measurements 1n the present work, 
particular care was taken to cool the specimen in 
zero field, except where it is specifically stated 


otherwise. 


ELECTRON SPIN RESONANCE MEASUREMENTS 

Spin resonance measurements were made using 
wavelengths A = 3-3 and 1-2 cm in the tempera- 
ture range 2° to 300°K. We will describe first the 
experimental technique, then effects due to demag- 
netizing fields and the small skin depth, and finally 
the experimental results. 


EXPERIMENTAL TECHNIQUE 


The microwave spectrometer employed conventional 


techniques and only a brief account is given here. 
Microwave power from a stabilized klystron was fed 
I agic tee to a rectangular cavity resonator 


through a n 


containing avity was 1n a magnetic 


field which could be swept slowly from zero to 10,000 
gaus and auxillary coils enabled the field to be modu- 
lated with amplitude about 10 gauss, frequency 1000 
c.p.s. As the field was swept through the resonance line, 


the change of reflected power from the cavity was 


detected by a crystal in another arm of the tee, and after 


being amplified l 


by a 1000 c.p.s. lock-in amplifier was fed 


on to a pen recorder. Since the magnetic field modula- 
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tion was much less than the absorption line width, the 
derivative of the line was recorded. Temperature control 
was achieved by means of the usual refrigerants—liquid 
nitrogen, hydrogen and helium. 

The polycrystalline samples were in the form of sheets 
about 0:01 cm thick, and were covered with an insulating 
coat of coil dope. These sheets were arranged in the 
rectangular cavity either all parallel to the external mag- 
netic field or all perpendicular to it. The single crystal 
samples were disc shaped, being about 0-1 cm thick and 
0-8 cm in diameter. Their anisotropy was measured by 
rotating the external field in the plane of the sample. 


DEMAGNETIZING CORRECTION 

In view of the shape of the samples, allowance has to 
be made for demagnetizing effects. If the demagnetizing 
field is small compared with the resonance field H (as in 
the present case), one expects the resonance line to be 
shifted to lower field H—27yH if H is parallel to the 
surface of the specimen, and to higher field H+47yH if 
H is perpendicular to the surface. For example, with Cu 
plus 5°6 at. per cent Mn at 77°K, A } 3-3 cm, we find 
H wx 10-4 e.m.u., so the differ- 
ence of position of the resonance line for the two direc- 
tions of H is expected to be 67xH ~» 40 gauss. The 
For all 






3200 gauss and y = 6°4 






difference is 3 times larger with A = 1:1 cm. 
except the most dilute alloys, separate resonance mea- 
surements were made with H in the parallel and per- 


pendicular position, and it was found that the demag- 







netizing shift was in all cases in reasonable agreement 
with the value expected from the susceptibility. The 






resonance results given in Table 2 are all corrected for 





this demagnetizing effect 





SKIN EFFECTS, LINE SHAPE, AND WIDTH 
‘to 10-5 
limits the intensity of the resonance absorption line, gives 





The small microwave skin depth (10 cm) 





rise to a small shift in the position of the line, and also 


We 





leads to a characteristic line shape discuss these 





effects in turn 
The skin depth is 5 ~ 5000 (p/v)! cm, where p = 
frequency. For f at. per cent Mn in 






resistivity, and v = 







Cu, p © 3f vohm cm, so with v = 30,000 M.c.p.s. (that 
is A = 1 cm), one finds 6 » 5 x 10-° f! cm. The number 
of Mn atoms per cc is N 0-8 x 10*!f, so the micro- 





10'*f?'* Mn atoms per cm? of sur- 
With f = 1-4 it was found that a 
reasonable 


wave field sees ~ 4 





face of the specimen 





with surface area 1cm* gave a 





specimen 
signal/noise ratio, but this area was increased up to about 





20 cm® for the more dilute alloys by arranging the speci- 





men in the form of a number of parallel sheets. 





Since the skin depth is much less than the thickness of 


the sample, the observed line 





is a mixture of an absorp- 





tion and a dispersion curve, which influences the position 
This effect is well known in nuclear 


and more recently has been in- 






and shape of the line 





resonance in metals, 






vestigated for the case of spin resonance from conduction 
electrons in For the present example of 
resonance from fixed Mn ions suspended in a conducting 
material we apply the theory making two simplifying 





alkali metals.‘‘ 
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assumptions which appear to be approximately true for 
measurements made at 77°K and above. These are (i) 
the intrinsic line shape is Lorentzian, and (ii) the line 
width arises entirely from a spin-lattice relaxation time 
T,. One then expects the following results: (a) the line 
shape in the metal is specified by |A/B| = 2°55, where 
A and B are maximum and minimum of the derivative of 
the absorption line, and A is in lower field than B (Cf. 
Figs. 6 and 7), (b) the line width in the metal, that is, 
peak to peak of the derivative, is AH = 1:25/y7,, where 
y is the free spin gyromagnetic ratio; (c) the center of the 


H, kg = i 16 1:7 





me 


Fic. 6. Derivative of absorption versus magnetic field for 

single crystal of Cu+5-6 per cent Mn at 4°K, A = 3:28 

cm. The free spin resonance field is Hy = 3:26 kilo- 
gauss. 


+| 4H + 


H, kg Ee -S 


A 841 
Dipheny|- 
picryl-hydrazy| 


Fic. 7. Derivative of absorption versus magnetic field for 
polycrystal of Cu+5-6 per cent Mn at 4°K, A = 1:3 cm. 


line, that is, zero value of the derivative, is shifted to 
higher magnetic field in the metal by an amount very 
close to AH/3. 


In our measurements between 77° and 300°K, 
we do in fact find a line shape with A/B ~ 2-5, and 
a line width approximately inversely proportional 
to temperature which suggests spin-lattice relaxa- 
tion effects. Furthermore, the line is above the free 
spin resonance field H, (corresponding to g = 2) 
by an amount ~ AH/3. For example, with Cu-++5-6 
at. per cent Mn at 295°K, the observed shift is 
H—H, x 250 gauss and AH ~ 700 gauss. It 
therefore seems reasonable to deduce that the 
intrinsic g-value is very close to the free spin value, 
and that an approximate value of 7, can be found 
using (b), i.e. T, ~ 700/AH x 10-!sec where AH 
is in gauss. These values are in Table 2, and have 
been discussed in paper A. 

In the 4° to 2°K range, the only simple experi- 
mental result on line shape and width appears to 
be that for alloys well in the antiferromagnetic 
state (T’< Ty), AH is independent of 7, and 
A/B = 2:5, (see Fig. 6). This result was found for 
single crystals of 1-4 and 5-6 at. per cent Mn in Cu. 
The greater line width in polycrystalline specimens 
when 7 < Ty may be due to the effects of cold 
work as has already been mentioned. 
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Fic. 8. Temperature variation of the shift in resonant 
frequency for A ~ 3-3 cm, Hy ~ 3200 gauss 


RESONANCE RESULTS AT T < Tn 
The experimental results are summarized in 
Table 3, and the position of resonance versus tem- 
perature is plotted for some alloys in Fig. 8. As 
has been discussed above, in the paramagnetic 
region (7' > Ty) the single absorption line is very 
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Table 2. Spin resonance data for paramagnetic region 


Observed Line Corrected 
mq line shift | Width | line shift 
K H,—H AH H,—Heortr 

(gauss) (gauss) (gauss) 

~ 600 
163 
210 


700 
180 
170 


360 


400 


510 
100 
100 


270 


(k) Wavelength = 1-3 cm, for which H, » 8250 gauss. All other results for 3-3 
cm with H, » 3250 gauss. Approximate error in shift +15 gauss; in width +20 gauss; 
in g—0-01. For AH 500 gauss error twice as big. 


close to the free spin resonance field H, after 4°K, showed the anisotropy of the resonance line 
correction for skin effects. As T is lowered below to be less than +30 gauss compared with a total 
Ty the line shifts to lower field, and when T < Ty 
its position can be described to a good approxima- 
tion by the relation 

(3) 
where H, is a parameter which increases as the 
temperature is lowered, (Fig. 9). It will be seen 
from Table 3 that the values of H. are such as to 
give shifts H,—H about three times larger at 3 cm 
than 1 cm wavelength. For 11-1 at. per cent Mn in g Cu +5:6% Mn 
Cu at 3 cm the shift is already about $H, at 20°K, _ 8 





and the line has disappeared altogether at 4°K. 
Measurements on this alloy at 1 cm show H, = 4-4 
kilogauss at 4°K, which is greater than H, for 
3 cm wavelength. These resonance results at 
T Ty can be interpreted as an unusual form of 





antiferromagnetic resonance as will be discussed 
more fully below. 
Measurements made with the co-operation of 
“ ’ ) , Lo i an ‘ 2c - y . ‘ . ° 
Mr. G. Park on the (1,1,0) and 1,1,1) planes of a 9. Values of H, in Cu—Mn alloys; /\ from data with 
single Cry stal of Cu plus 5-6 at. per cent Mn at A ~ 3:3 cm, O from data with A » 1:3 cm. 


°K 
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Table 3. Resonance data in antiferromagnetic and intermediate region 


Host  At.°%, | Temp. Line shift (a) 
Metal Mn H,—H (gauss) 
X K 


Cu 11-1 7 23 50 
2 630 
1300 


1600 


390 
490 


1100 


0:67 


He. gauss() 


2980 
4400 


4450 


2480 
2620 


1070 (1100) 
1200 (1270) 


1050 
1100 


1200 
1300 (1200) 


Line width 
AH (gauss) 
x K 


163 210 


450 220 
450 300 


130 100 
100 


(a) X ~ 3-3 cm wavelength for which Hy ~ 3250 gauss. K + 1-3 cmw avelength 


for which H, ~ 8250 gauss. 


(b) He = (H,?—H?)*. Values of H, are calculated for cases where it is thought 


relation (3) applies. 


(c) Single crystal. Anisotropy in H,—H is 


planes. 


30 gauss in (111) and (110) 


(d) Specimen cooled from 77° to 4°K in 5000 gauss. 


(e) Cooled in 8000 gauss. 


(f) Single crystal. Anisotropy not measured, but similarity of results with those 


for polycrystal suggests it is very small. 


Approximate error in shift 
60 if H,—H 


250. 


1ISifH,—H 


1000 except for (c) where 


300; +30 if 300 


30. In width error is 


H > 1000: 
+20 if AH 
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shift H,—H = 1100 


partly due to the line width of about 200 gauss, and 


gauss. The uncertainty is 
partly due to small hysteresis and ferromagnetic 
effects. We think it probable that this small 
anisotropy is a property of all the Cu-Mn and Ag- 
Mn alloys we have measured with Mn concentra- 
tions less than 5-6 at. per cent. The line shape in the 
Mg-Mn alloy, on the other hand, does appear to 
show signs of anisotropy in the antiferromagnetic 
transition region which is starting at about 4° to 
2°K. This may be a result of the different crystal 


EFFECT OF MAGNETIC FIELD ON LINE 
POSITION 


lloys in the antiferromagnetic state, it was found 


that the resonance line position was to some extent 


dependent on the magnetic field to which the specimen 
I 


viously been exposed. For example, with 5-6 per 


had pre 
cent Mn in Cu at 4°K, 3 cm wavelength, the following 


effects were found 


10 kilogauss, the 
increas- 


Hysteresis—with field sweep 
about 300 gauss lower field with |H 

ing than with |H 
than 50 gauss if the sweep was reduced to 
(ii) There was a drift of the resonance line to 
higher field if the specimen was exposed to a high field 
10 kilogauss), at 


decreasing. The hysteresis was less 
3 kilogauss. 
slow 
(10 kilogauss), or a large field sweep ( 
4°K for several hours. 

(111) There was a large shift of the line at 4°K to higher 
field if the specimen had been cooled from 77° to 4°K in 
a high field (see Table 3) 

(iv) When the s to 4°K 


was about 250 


pecimen was cooled from 77 
in +8 kilogauss, the resonance at 4°K 
gauss lower in field with H positive than with H nega- 
tive. In other words, the line shifted by about 250 gauss 
when the specimen was rotated through 180 degrees. 
This effect appears to correspond to the hard component 
of ferromagnetism found in the susceptibility measure- 
ments 

None of these effects was investigated in detail in the 
present work. In fact, care was taken to avoid them by 
always cooling the specimens in zero magnetic field, and 

y keeping the field as small as was conveniently possible 
for the measurements at 4°K. Under these conditions it 
seems reasonable to ignore these effects in any simple 
discussion of the results such as that which follows. 


DISCUSSION OF RESULTS 


The experimental results have already been dis- 


cussed at some length in paper A, where the 
emphasis was on extracting information about 
s-d exchange coupling between the conduction 
electrons of the alloy and the 3d° cores of the Mn 
atoms. It was concluded that this coupling is in 
fact quite weak, and has only a very small influence 
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on most of the magnetic properties. In the present 
paper we will give a fuller discussion of the sus- 
ceptibility and antiferromagnetic resonance results, 
indicating how far they are consistent with a simple 
phenomenological molecular field model. We will 
first review the experimental evidence for the 
electronic structure of the Mn in the alloy. 


ELECTRONIC STRUCTURE OF Mn IN ALLOY 
The suggestion is that on a simple picture the 
Mn looks something like an Mn?*+ ion, configura- 
tion 3d®, (or possibly like Mn®, 3d° 4s) with ground 
state °S; j/». 
follows: 


The experimental evidence is as 


(i) The electron spin resonance line shows al- 
most zero anisotropy, has a g-value very close to 
2-0, and shows no evidence of appreciable zero 
field splitting of the electronic spin levels. All this 
strongly suggests that the Mn is in an S state.* 
Some possibilities are Mn*, 3d°4s, 7S, or °S; 
Mn*+, 3d5, ®S; ,.; Mn®, 3d° 4s?, ®S, /». 

(ii) No Mn*° hfs is observed even in the most 
dilute alloys where any exchange narrowing may 
be expected to be small, which suggests that the 
Mn configuration does not contain an appreciable 
amount of unpaired s-electron. For example, a 
configuration such as 3d°4s might be expected to 
give a hfs of some tens of thousands of gauss, and 
so would appear to be excluded on these grounds 
alone. Mn+ or Mn° thus seem more likely than 
Mn+. 

(iii) Measurements of the absolute intensity of 
the resonance line, which is proportional to the 
square of the magnetic moment per Mn ion, 
suggest that the Mn electronic spin is certainly 
much greater than 1/2, and of order 2 to 3. Better 
information concerning the ground state spin is 
provided by the Curie constant, but these intensity 
measurements, especially the relative intensities 
from specimens with different Mn concentrations, 
do help to confirm that the resonance line is asso- 
ciated with the Mn impurity. 

(iv) The experimental Curie constant, both here 
* Slight additional evidence for this is that pre- 
liminary investigations by J. OWEN and G. PARK on 
Au-Cr alloys have failed to show spin resonance ab- 
sorption. Susceptibility evidence suggests spin S = 2 in 
this as would result from Cr?+, 3d*, *Dy. It is 
possible that with a D ground state, zero field splittings 


case, 


prevent the observation of resonance. 
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and in previous work,®: *) appears to correspond 
to between 4 and 5 unpaired electron spins per 
Mn atom in Cu and Ag alloys where the Mn con- 
centration is not too high. 

The results (i) to (iv) suggest that the most 
reasonable simple assumption, which is approxi- 
mately consistent with both the resonance and the 
susceptibility experiments, is that the Mn has a 
6S; 2 ground state as from Mn?*+. The following 
results can then be regarded as inconsistent with 
this ionic model. 

(v) We think that the observed reduction in 
Curie constant is probably a property of the Mn 
structure and can not be wholly attributed to 
factors such as incomplete solution of the Mn, 
though this may be the main cause in MgMn. A 
survey of the available data suggests that in fairly 
dilute alloys the magnetic moment per Mn ion may 
be of order 10 per cent less than that for S = 5/2 
in CuMn, and 5 per cent less in AgMn. The effect 
may be similar to the reduced moment in ferro- 
magnetic materials, where it can be pictured that 
the conduction electrons partially fill up the 
empty d-orbits of the paramagnetic atoms. 

(vi) There is strong exchange interaction 
between Mn atoms even in quite dilute alloys and 
the evidence suggests that this can not be attributed 
to indirect exchange via conduction electrons 
(Paper A). For example, with 1-4 per cent Mn in 
Cu, Ty x 13°K. As is shown above, in this alloy 
most of the Mn atoms have Mn neighbors separ- 
ated by one or two Cu atoms. This suggests that 
there may be superexchange through Cu atoms, 
which implies that the 5 d-holes belonging to the 
Mn atom are not strictly localized near the Mn 
nucleus, but may be spread over both Mn and the 
neighboring Cu atoms. It would not be surprising 
if there were some spin transfer of this sort, since 
one would expect that the Mn-Cu bonds were 
to some extent covalent. The exchange effects 
appear to be smaller in AgMn than in CuMn for 
the same atom percentage of Mn. This may be 
partly due to the larger lattice spacing in Ag. 

(vii) The s-d coupling between the conduction 
electrons and the 3d° cores of the Mn atoms is of 
order 10 or more times smaller than would be ex- 
pected on a simple theory in which the Mn is 
present as Mn*+ ions. The evidence for this is 
summarized at the end of the paper. It was sug- 
gested in A that this small value was an argument 


for the structure Mn°, 3d° 4s?, since there would 
then be screening of the 3d° core by the localized 
4s electrons.* However, there might also be reduced 
s-d coupling if the 5 unpaired d-electron spins were 
not localized in Mn d-orbits. On the available 
evidence it does not seem possible to decide to what 
extent localized paired 4s electrons are present. 


MOLECULAR FIELD MODEL OF 
SUSCEPTIBILITY 

We will now indicate how far the susceptibility 
results are consistent with a simple molecular field 
model. The only experimental results we consider 
are that a Curie-Weiss law is obeyed at high tem- 
peratures with a positive Weiss constant @ suggest- 
ing net ferromagnetic coupling between Mn ions, 
and that at low temperatures there appears to be an 
antiferromagnetic transition. 

We assume that the Mn ions are divided into 
two sublattices A and B, in such a way that short 
range interactions (e.g. direct and super exchange), 
give ferromagnetic coupling A—A, B—B, and anti- 
ferromagnetic coupling A-—B. The appropriate 
molecular fields are represented by parameters pu 
and y respectively in equation (4). We also assume 
that the only possible long range interaction is in- 
direct exchange via conduction electrons, and that 
this can be allowed for by representing the coup- 
ling of A and B with the magnetic moment M, of 
the conduction electrons, by the molecular field 
parameter A in equation (4). At temperatures high 
compared with the exchange energies, the mag- 
netic moment of A can be written M , = CH._/2T 
etc., or 


/ 


TM, =—(H+pM,—vMg+Me) 


TMz = —(H+pMp—vM 44+AMe) (4) 


Me = xe(H-+AM ,+AM3). 


* For the Mn?+ model, though no bound 4s states 
exist, some reduction of the s—d interaction might result 
from screening by the other conduction electrons whose 
density might be in reased in the region of the net posi- 
tive charge. Also, the free ion s—d coupling calculation 
will not in any case be applicable if there is some covalent 
bonding so that the unpaired d-holes can be regarded as 
being partly in orbits on the surrounding Cu atoms. 
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Here, C is the Curie constant for the N Mn ions in 
f the alloy, C = Ng*u?BS(.S+1)/3k 
5/2; y, is the small Pauli 


unit volume « 
where g 2 and S 
paramagnetic susceptibility of the m, conduction 
3n pL" B 2kT p. The total suscepti- 


1 
electrons, y, 


bility of the system is 


(1+Axe)? 


] 
(M,+Mz+™M_) = € 
7. * 


where (u—v+2A*xe). (6) 
9 

It will be noted from (5) that apart from the small 

temperature independent term y, (~10~® e.m.u.), 

a Curie-Weiss law is obeyed whatever the strength 

of the conduction electron coupling, A. The last 


6 


term in (6), which is the contribution to 6 from the 


conduction electron coupling, is identical with 


equation (12) in A, though written in a 
different form. 

By solving (4) for values of T at which M ,, Mz 
0, we find that 


paper 


can have nonzero values when H 
the system can have an antiferromagnetic transi- 
tion at 
, C 
TN - (uf-v— 2A* ye) 


provided that 7'y 6, that is if 


Dr2ye <v. (8) 
From (6) and (7) the short range ferromagnetic 
coupling parameter is 


ph (Tn+86)/C. (9) 


The antiferromagnetic coupling parameter is 


vw (Ty—8)/C, (10) 


if the conduction electron coupling is small, 

“Xe KP, Y, as suggested by the resonance experi- 
ments. 

From a comparison of these equations with the 
experimental results we can make the following 
observations: 

(i) Since an antiferromagnetic transition is in 
fact observed, (8) must hold, or in other words the 
indirect exchange via conduction electrons must 
be smaller than the short range antiferromagnetic 


exchange. This is not unexpected, since on our 


BROWNE, 


ARP, AND A. F. KIP 

simple model the s—d exchange leads to ferro- 
magnetic coupling (A? > 0) between all Mn ions 
independent of their lattice positions, and so will 
always oppose an antiferromagnetic transition. 

(ii) The observed positive value of 6 must be 
attributed entirely to the short range ferromagnetic 
coupling p, since the combined effects of the other 
couplings, A and », is to reduce 8, (equations 6 and 
8). Thus, according to our model, the measured 
Weiss constant can give no information whatever 
about indirect exchange via conduction electrons 
in alloys where there is an antiferromagnetic 
transition. In principle, the susceptibility measure- 
ments do provide information about A since the 
Curie constant is modified slightly (equation 5); for 
example, using the free ion value of A (paper A), 
the term Ay, in (5) is about 5 per cent. In practice 
however, we believe that this is a negligible effect 
since the resonance measurements suggest that A is 
much smaller than the free ion value. 

(iii) Assuming now that A is small, it follows 
from (9) and (10) that » < ¥, since experimentally 
we find Ty+6 > Ty—6. This means that to fit 
the results we must assume that the ferromagnetic 
coupling within each sublattice is much greater 
than the antiferromagnetic coupling between 
different sublattices. If this is true the restriction 
of assuming a two sublattice model is not necessary. 
The same qualitative susceptibility behavior, 
(that is positive 6, and 7'y slightly greater than @), 
would have been predicted if we had assumed any 
number of sublattices. To take an extreme case, 
first suggested by Dr. J. C. FisHer, the alloy could 
consist of a number of ferromagnetic domains with 
weak antiferromagnetic coupling between them. 

(iv) Finally, the assumption of just two short- 
range molecular field parameters and 1, essen- 
tially implies a spatially ordered alloy, and a sharp 
antiferromagnetic transition. It seems more likely 
however, that different Mn ions will in general see 
different arrangements of Mn neighbors, and so 
experience different fields. This would not be 
expected to affect the form of the high temperature 
susceptibility which would still obey a Curie- 
Weiss law to a good approximation, but it could 
lead to a gradual antiferromagnetic transition 
corresponding roughly to different groups of Mn 
ions having different transition temperatures. This 
may help to account for the shape of the observed 


y : T curves. 
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To summarize, we find that a simple molecular 
field model provides at least a qualitative descrip- 
tion of the susceptibility behavior. The model 
suggests this behavior is controlled by short 
range Mn—Mn exchange interactions, and that the 
susceptibility results give no information about 
long range indirect exchange via conduction elec- 
trons. It also suggests the net short range ferro- 
magnetic coupling is stronger than the net anti- 
ferromagnetic coupling. The origin of these mole- 
cular fields is not specified, though one might guess 
that direct exchange between nearest neighbors 
Mn ions is at least partly responsible for the anti- 


ferromagnetic coupling, and that the net effect of 


super exchange may be responsible for the ferro- 
magnetic coupling. 


MOLECULAR FIELD MODEL OF 
ANTIFERROMAGNETIC RESONANCE 
We now compare the resonance results at 
T < Ty with those expected from a simple two 
sublattice molecular field model. As has been 
pointed out in A, the experimentally observed 
resonance condition 


H =(H2—H.2)! (3) 


is of just the form predicted by the antiferro- 
magnetic resonance theory of KirreL, NAGAYIMA 
and others,‘?) for the case when H is directed 
perpendicular to an anisotropy axis. However, the 
more recent single crystal measurements showing 
that the resonance line is isotropic, appear to be 
inconsistent with this theory. Another apparent in- 
consistency is that the susceptibility is found to be 
independent of H in the region H ~ H.,, which 
suggests that H, is not the usual critical field 
which depends on anisotropy energy. We suggest 
that a plausible interpretation of the results can be 
made by replacing the anisotropy field H, of the 
usual theory, with a small molecular field H’ 
arising from the magnetization of the conduction 
electrons in the present case. This may not be the 
only possible interpretation. 

The assumptions made in our model are then as 
follows: (i) that the two Mn sublattices A and B are 
subjected, as in the usual theory, to the antiferro- 
magnetic exchange field Hg x |vM ,| yMp| of 
equation (4). The ferromagnetic exchange field 
uM ,, Mz of equation (4) can be omitted because 
uM, x My, = 0in the equations of motion. (11) that 


at T < Ty, half of the conduction electrons (with 
magnetic moment M,“) are much more strongly 
coupled to sublattice A than to B, and the other 
half (M,”) are more strongly coupled to B than to 
A.* There are then (small) fields 
H’ , AM.“ and H’, = AM.” acting on, and 
always approximately parallel to, M, and Mp, 
respectively, (Fig. 10). (iii) that the anisotropy 
fields are negligible for the present case. (iv) that 
because of this small anisotropy, the magnetic 
moments M ,, Mg are oriented approximately 
perpendicular to the applied field H (Fig. 10) in 
order to give the lowest magnetic energy. ‘7? 

‘he classical equations of motion for the Mn 


molecular 


sublattices are now identical with those in the usual 
theory, 


M, =yM,x(H—vM,+H',) (11) 


My, = yM,x(H—vM,+H’,) 


except that we have replaced an anisotropy field 
H,, by a conduction electron field H’. Provided that 
the conduction electrons are relaxed rapidly 
against the lattice,; this field H’ produces the 
same shift in the resonance line as would small 
+x and —x in 
0 is then 


anisotropy fields directed along 
Fig. 10. The resonance condition at T 
isotropic and of the required form, H = (H,? 
H.2)', with 

H,. =(2HeH’)!. (12) 


We now estimate the numerical values of the 


* This assumption is not unlike those made in the 
band theory of antiferromagnetism in metals.‘*) Alter- 
natively, this model might be consistent with an s—d 
magnetization of the conduction electrons which was 
highly localized about each Mn ion. Recent calculations 
by E. W. Hart (1957, to be published) suggest that this 
magnetization may in fact be very localized. 


+ This idea has previously been used in paramagnetic 
resonance (paper A), and ferromagnetic resonance (C. 
KitreL and A. H. MitTcuHe.i, Phys. Rev. 101, 1611, 
1956). If the magnetization is 
always held identically parallel to the magnetization of 
the Mn ions by the s-d coupling, H’ x M4 = 0 in the 
equations of motion and there can be no resonance shift. 
However, if the precessing field H’ is heavily damped 
with relaxation time 7;,’, there can be a shift provided 
le 1/yAM 4, that is, provided the conduction electron 
spin-lattice interaction is stronger than the s—d coupling 
with Ma. Numerically, we require 7,’ > 10-'* sec for 
the present case, which is not unreasonably short. 


conduction electron 
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parameters required to fit the experimental results 
with this model. The conduction electron field is 


H2 
2M, 


(13) 
2H¢ 


Ty are in Table 3, 


alues of H, at T 


5 2) Nup is the saturated magnetic mo- 
one half of the N Mn ions per cc, and » 


sad 
two sublattice model. M4, Mz = 
of Mn sublattices; vM a, vMp = 
tic exchange fields; H’4, H’p = assumed 


onduction electrons. 


estimated from the susceptibility results 
For 1-4 at. per cent Mn in 

~ 1-2 kilogauss at 2 K, M {> 

20 kilogauss (Ty—6) = 
hence H’ = 30 gauss. The corresponding values 
for 5.6 at. per cent Mn in Cu are He & 2:7 kilo- 
gauss, Hr = 70 kilogauss using (T7y—0@) = 15 K, 
and hence H’ = 50 gauss. It noted that 
quite a small value of H’ can cause a very large 
shift H,—H in the 


The order of magnitude of 


yuation (10). 
28 e.m.u., 
and 


using > K. 


will be 


resonance line. 
the s-d coupling 


parameter A can now be estimated from 


H’ = AM,4  *ye4M 4. (14) 


Here, y.4 is the susceptibility of one half of the 


conduction electrons per cc, which we assume is 


of order half the Pauli paramagnetic susceptibility 
5 


of conduction electrons in Cu, y,4 x 0- 


10 6 
e.m.u. The magnetic moment of these electrons, 
M,4, is expected to be mainly determined by the 
coupling with M, since AM , H. Using the 
values of H’ found from (13) and (14) gives A = 
1500 for 1-4 at. per cent Mn in Cu, and A = 1000 
for 5-6 at. per cent Mn in Cu. These values are of 
order 1/13 and 1/20 of the free ion value, Ay = 
20,000 (paper A). Similar estimates for 11-1 at. 


per cent Mn in Cu give A/Ay ~ 1/20, and for 4-2 


BROWNE, V. 


ARP, AND A. F. KIP 


at. per cent Mn in Ag (where A, x 13,000) give 
A/Ag ~ 1/12. 

We conclude that our model predicts the correct 
form of resonance condition at 7’ < Ty, and also 
leads to an order of magnitude for the coupling 
parameter A of about 1/10 to 1/20 of the free ion 
value. This is not unreasonable compared with 
estimates made from the other experimental 
results. 


SUMMARY 

The susceptibility and electron spin resonance 
experiments described in the first part of this paper 
show that the detailed magnetic properties of 
dilute alloys of Mn in Cu and Ag are very complex. 
However, a number of fairly simple features 
emerge, including a Curie-Weiss susceptibility 
law, a spectroscopic splitting factor very close to 
the free spin value g = 2, and, at low temperatures, 
apparent antiferromagnetism and antiferromag- 
netic resonance. The results are approximately 
consistent with the Mn having a °S; ,. ground state, 
as would result from Mn+, 3d° though there are 
discrepancies with this simple picture. For ex- 
ample, the effective spin per Mn ion appears to 
be rather less than S = 5/2, and also the strong 
Mn-Mn exchange in alloys with more than about 
1 per cent Mn suggest that a purely ionic struc- 
ture may be insufficient. Both of these effects are 
more marked for Mn in Cu than for Mn in Ag. 
The results for Mn in Mg, though in many ways 
similar to those for Cu and Ag alloys, are not 
conclusive because we are not sure how much Mn 
was actually in solution. 

It was hoped that the investigation would give 
information about the expected long-range ferro- 
magnetic Mn—Mn _ exchange from s—d 
coupling of the conduction electrons with the 


arising 


3d® cores of the Mn ions. In practice, it seems that 
this exchange is very small, and, at least in alloys 
containing more than about 1 at. per cent Mn, is 
partly obscured by much stronger short-range 
interactions such as direct and superexchange. Of 
these short-range effects, the results suggest that 
the net ferromagnetic coupling is much stronger 
than the net antiferromagnetic coupling, even 
though the alloys go antiferromagnetic at low 
temperatures. 

The position regarding the s-d coupling has been 
discussed in A, and the evidence from all the 
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experiments is summarized below. Here, the ‘‘mea- 
sured” value of the coupling parameter A is com- 
pared with the “expected” value A, calculated in 
A from free ion spectroscopic data. 

(1) Susceptibility at 7’ > Ty. According to the 
simple molecular field model used above, these 
measurements provide no information about A. 

(2) Electron spin resonance at T > T'y, (A). The 
absence of a g-shift due to conduction electron 
magnetization suggests A < } Ay). 

(3) Electron spin resonance at T < Ty. If the 
results can be interpreted by the molecular field 
model used above, A ~ ;'5 to s'5Ap. 

(4) Spin-lattice relaxation of Mn ions at T > Ty, 
(A). Attributing the temperature dependent part 
of the line width entirely to spin-lattice relaxation 
through s-d coupling, gives A ~ $A,. If there is 
some other contribution to this width in addition 
to s—d coupling, A - 

(5) Cu nuclear resonance from Cu-+-0-03 at. per 
cent Mn, (A). The position of maximum absorp- 
tion is practically unchanged by the presence of 
Mn, suggesting that most of the Cu nuclei see an 
almost negligible s-d magnetization of the con- 
duction electrons, corresponding to A < 55 A». On 
the other hand, the center of gravity of the asym- 
metrical line does appear to be shifted, suggesting 


1 
5 Xo: 


that there may be a change in the average conduc- 
tion electron magnetization corresponding to a 
value of A of up to about 355A 9. A possible explana- 
tion is that the conduction electron magnetization 
due to s—d coupling falls off as the distance from a 
Mn ion increases, being negligible at the Cu 
nuclei furthest removed from Mn ions, which is a 


distance of order 5 lattice spaces. If this is so, a 


value of A of order ;'5 to s'5 of the free ion valu > is 


roughly consistent with all the experimental results. 


The indirect Mn—Mn exchange via conduction 
electrons, which depends on A?, would then be of 
order 1 per cent of the free ion prediction and, also 
contrary to the expectation of simple theory, 
would not be a very long range interaction. 
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Abstract—A neutron diffraction stud 
in which B 
Magnetic ordering transitions for 


of 100°K, 320°K, and 


is a trivaient 


750°K, 


1iTi} 


} } ] > y Y) 
which alternate in sign trom 


K, was observed for LaCoO, or LaNiO, 


INTRODUCTION 
\ NEUTRON diffraction study has been made of the 
magnetic properties of the series of compounds 
LaBt ds in which B is one of the 3-d transition 
group elements Cr, Mn, Fe, Co, and Ni. These 
compounds all crystallize in one or another 
modification of the ideal perovskite structure. In 
A and B site ions 


an ideal ABO, perovskite the 
form simple cubic lattices and the B site ions are 
yctahedrally surrounded by oxygen ions. These 
onditions are approximately realized in the true 
structures and as a consequence, perovskite type 
I B sit 
ive are particularly appropriate for the study 


in which the ions are magnetically 
nagnetic interactions. 

neutron diffraction 
}/ Mn+*)O, has 


series of compounds was 


previous paper a 
series (La,Ca) (Mn 


of the 
reported. This 
antiferro- 


exhibit and 
i 


perties which depend upon the rela- 


ferromagnetic 


and tetravalent manganese ion con- 
three classes of indirect exchange inter- 


actions among the B site manganese ions could be 


shed. 


117 
Yul 


is a survey of compounds in 


was presented 
Naval 
11-12 


work 
agneti I >. 


ungton, D.¢ Oct. 


ly has been carried out on the series of compounds LaBO, 
ion of one of the 3-d transition group elements Cr, Mn, Fe, Co, and Ni. 
LaMnO,, LaCrO,;, and LaFeO, were found at Néel temperatures 
respectively. The latter two compounds are found to order in a 
yle interpenetrating sublattice structure: LaMnO, as previously reported forms ferromagnetic 
layer to layer. No magnetic ordering, at temperatures down 


which, ideally, only the same trivalent 3-d ions 
occupy the B sites and the interactions should 
therefore be restricted to those between like ions. 
In a subsequent paper now in preparation neutron 
diffraction data for rare earth orthoferrites AFeO, 
in which both A and B sites are occupied by 
magnetically active ions will be described. 


SAMPLE PREPARATION 

The samples of the LaBO, series were all prepared 
from stoichiometric mixtures of the oxides or carbonates 
of lanthanum and of the appropriate transition metal. 
The starting materials were mixed under ethanol in a 
ball mill, dried and prefired in air at 900°C. The result- 
ing products were mixed again and fired in a resistance 
furnace in an atmosphere and at a temperature designed 
to keep the transition element cations in a trivalent 
as possible. The choice of firing conditions 
other 


state as far 
descriptions of 


X-ray diffraction 


was guided by preparative 


workers’*-*) and by chemical and 

analyses of our own preparations 
Methods for ionic analyses of these compounds were 

D. Horton of this Laboratory and all 


A brief description 


developed by A. 
analyses were carried out by him 
of the methods employed is given by YAKEL") and also 
by WoLLAN and KOEHLER 

The analytical results for the best 
given in Table 1. No attempt was made to analyze 


LaNiO, because of the presence of a nickelous oxide 


preparations are 


impurity 


CRYSTALLOGRAPHIC ASPECTS 


The results of room temperature X-ray diffraction 


studies) on these compounds are given in the last 
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Table 1. Summary of diffraction results for compounds LaBO, 


Magnetic 
Structure 
Type 


Tetrava- 
lent Ion 


Content % 


No. of 
Unpaired 
3-d Elec- 


trons 


Compounds 


LaCrO, G 


LaMnO, 


LaCoO, 


LaNiO, 3 


columns of Table 1. At the time these measurements 
were made the descriptions given in column 8 for 
LaCrO,, LaMnO, and LaFeO, were chosen to illustrate 
the relationships these structures to the ideal 
perovskite structure, but it recognized that 
orthorhombic descriptions could equally well have been 
derived from the powder diffraction data. Recently 
GELLER, ‘°:*) GELLER and Woop!'*) have under- 
taken an extensive survey the crystallographic 
properties of perovskite-like compounds including a 
single crystal structure determination of GdFeO,. As 
a result of this important series of investigations the 
structures of a number of mixed rare earth-3-d tran- 
sition group oxides including LaFeO, and LaCrQO, are 
known to be isostructural with orthorhombic GdFeO, 
with varying degrees of distortion and the orthorhombic 
lattice parameters for these two compounds are given 


in column 9 of the table. 


of 
was 


and 
ot 


Atomic position parameters have now been 
obtained for two of the orthorhombic perovskite- 
like structures: GdFeO,‘®) which shows a very 
high degree of distortion and La(Coy..Mng. ,)O,°% 
which is almost identical to LaFeO,. Within the 
limits of sensitivity of the X-ray diffraction data 
the B site ions, Fe or (Co, Mn), are in special 


G 


100 


Néel 
Temp. 
K 


320 


Apparent 
Ortho- 
rhombic 
Ppnm 


Symmetry 
(Lattice 
Constants 

A) 


Hobs. calc. 
Bohr Bohr 
Magnetons! Magnetons 

in 


3-0 


0-2 


2°8 Monoclinic 


B=90°15’ 


3:9+0:2 Monoclinic 


Cubic 
@,=7°852 


Rhombohedral 
a,=7:651 
a=90°40’ 
Rhombohedral 
ay =7:676 
a =90°41’ 


positions of the space group. One set of oxygen 
positions has very nearly the same parameters in 
the two cases, but the A site ions and the second 
set of oxygen ions have deviations from special 
positions which are about three times larger for 
GdFeO, than for La(Coy..Mnp. ,)O3. Even though 
the lattice parameters of La(Coy..Mny.g) have 
very nearly a cubic relationship the distortion of 
the structure, and by analogy that of LaFeO, and 
LaCrO3, from the ideal perovskite structure is 
appreciable. 

Although at the present time the limited reso- 
lution of our powder neutron diffraction data 
precludes a definitive confirmation of the structure, 
it is pertinent to point out here the neutron 
diffraction evidence for distortion in these com- 
pounds. Such evidence consists of the lack of 
agreement between intensities observed and those 
calculated for an ideal cubic structure and the 


presence in the pattern of weak but measurable 
nuclear reflections at superlattice positions. These 
Table 2 where the ob- 


effects are illustrated in 
served intensities for a preparation of LaFeO, 
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Table 2. Calculated and observed intensities for LaFeO, 











Crystallographic Cell 
Magnetic Cell Orthorhombic Indices 


Cubic Indices 





001 
100, 010 
011, 101 
110, 002 
111 
102,012 
200, 020, 112 
201, 003, 021 
210, 120 
103, 211, 121 
202, 022 
113 
212,122 
004, 220 
203, 023, 221 
104, 014, 300, 030 
031, 301, 213, 123 
310, 130, 222, 114 


100 
110 
111 
200 
210 
211 


013, 


410, 322 
411, 330 


| 
| 
| 
| 


Peale. 





Ideal | 


Structure 


GdFeO, 


Structure 





0 
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factor has been applied to the calculated intensities. 


are compared with those calculated for the ideal 
perovskite structure and for the orthorhombic 
GdFeO, structure with GILLEO’s parameters 
assumed as appropriate to LaFeQ,. Aside from the 
starred reflections which are of magnetic origin 
primarily the overall fit appears satisfactory. Of 
greater importance from the point of view of this 
paper, however, is the fact that the interpretation 
of the magnetic intensities is not complicated by 
large and unknown iron ion parameters and that 
for reasonable parameters the nuclear contribu- 
tions to the strong magnetic reflections are small. 
In any case since the coherent magnetic reflections 
are temperature dependent the difference pattern 
technique™ eliminates to a large extent uncertain- 
ties introduced into the interpretation of the 
magnetic scattering data because of the lack of a 
precise knowledge of the lanthanum and oxygen 
parameters. Similar remarks are pertinent to the 
magnetic scattering from LaCrO,. Conversely, 
even though the manganese positions in LaMnO, 
have not been established by X-ray diffraction 
studies, the close agreement of observed and 
calculated magnetic intensities suggests that the 


manganese coordinates do not differ significantly 
from special positions. 


RESULTS 

Neutron diffraction patterns of the several 
samples were obtained at room temperature, 
77°K, 4:2°K and in some instances at elevated 
and/or intermediate temperatures. The results of 
these experiments for the best preparations, e.g. 
the most nearly stoichiometric are summarized in 
Table 1 also. Although the data for LaMnO, have 
been reported previously® they are included here 
for completeness. 


LaCrO,, LaMnO, and LaFeO, 


The neutron diffraction patterns of LaCrQs, 
LaMnO, and LaFeO, all exhibit strong coherent 
magnetic reflections characteristic of antiferro- 
magnetic structures. Portions of diffraction pat- 
terns for LaCrO, obtained at room temperature 
and at 77°K are shown in Fig. 1 in which the 
appearance of such antiferromagnetic scattering is 
demonstrated. For convenience we have chosen to 
index these patterns on the basis of a cubic unit 
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cell of edge equal to twice that of the correspond- 
ing ideal perovskite unit cube. This procedure is 
not objectionable since the B site ions, which alone 
contribute to the magnetic intensities are very 
nearly on simple cubic lattices especially in the 
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Fic. 1. Neutron Diffraction Patterns of LaCrO,;. The 
(111) reflection is essentially entirely magnetic in origin. 


cases of LaFeO, and LaCrO,. The structure 
types deduced from the low temperature diffraction 
data by methods discussed in detail in our earlier 
paper are indicated in Table 1 by symbols intro- 
duced in that paper and are illustrated in Fig. 2. 
The type A structure of LaMnO, may be con- 
sidered as a stacking of ferromagnetic sheets in 
which the moments are aligned parallel within 
each sheet but alternate in sign in adjacent layers. 
The neutron diffraction data require the moments 
to be oriented in or nearly in the planes of the 
layers. The type G structure, characteristic of 
CaMnO, as well as of LaFeO, and LaCrOs, is 
one in which each ion has six antiparallel nearest 
neighbors. For the cases mentioned the powder 
diffraction data give no information as to the 
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(b) 
Fic. 2. Magnetic Structures of LaBO, Perovskites 
(a) LaMnO 3. (b) LaCrO,, LaFeOs. 


As described in the text the spin directions are not 
necessarily those illustrated. 


direction of the moments relative to the crystal 
axes.* 

Néel temperatures were measured by follow- 
ing the intensity of a strong magnetic reflection 
as a function of temperature, by fitting a Brillouin 
function to the data, and by taking the intercept 
with the temperature axis as the transition point. 
In Fig. 3 is shown a representative set of data 
for the (111) reflection of LaCrO,. Néel tempera- 
tures of approximately 300°K and 750°K for 
LaCrO, and LaFeO,, respectively, have recently 
been reported by Jonker) from magnetic 





* For crystals with sufficiently large distortions such 
as ErFeO, or HoFeO, the resolution in the diffraction 
patterns may be sufficient to determine within limits the 
direction of the iron ion moments. 
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susceptibility measurements and RoTH"*) has 
found a Néel temperature of 738 K LaFeO, from 
neutron diffraction measurements. 

The magnetic moments entered in Table 1 for 
Cr+3, Mn and Fe+® have been obtained from 


low temperature coherent magnetic reflections 


i 


Reflection 
the experimental points 
Néel 


short range antiferromagnetic order 


Dependence of (111 
iations of 
at temperatures near the 


; 
ture refiect 


in the best preparations and are compared with 


those calculated on the assumption of complete 


t 


quenching of the orbital moments. The observed 


are, within experimental error equal to the 
1 ones except for LaFeO, in which case 
impurity would tend to 


correction for ionic 


improve the agreement. 
LaCoQO,, LaNiO, 


The neutron diffraction patterns of LaCoO, 


and LaNiO, show no evidence for ordering of the 
cobalt or nickel ion moments, respectively. Part 
of a diffraction pattern of LaCoO, obtained at 
46 K is reproduced in Fig. 4 and the pattern is 


unchanged from the room tempera- 


patterns. 


essentially 


ture and liquid helium temperature 


Because of a fortuitous cancellation of nuclear 
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scattering amplitudes one finds no measureable 
coherent nuclear intensity for scattering angles less 
than 25° and hence the pattern is particularly 
sensitive for the detection of coherent magnetic 
reflections. Shown as dashed lines in the figure 
is the expected (111) magnetic intensity for a G- 








Fic. 4. Neutron Diffraction Patterns of LaCoO, at 46°K. 
Curve (a) represents the background scattering level due 
to isotropic nuclear scattering, multiple scattering, and 
Curve (b) is the calculated 


only 


instrumental background 


scattering expected from a spin 


Curve (c) is the expected (111) reflection 
for an The 
background scattering level indicates excess scattering, 


paramagnetic 
paramagnet 
ordered G-type configuration observed 
but is very much lower than 
falls off much less 


presumably paramagnetic, 
calculated for curve (b) and 


rapidly with increasing scattering angle. 


that 


type antiferromagnetic structure in which the 
moments have their spin only magnitude of four 
Bohr magnetons. Although the expected intensity 
is illustrated only for a G-type structure, any one 
of the structures A through G or of the more 


complex stacking arrangements considered in 
reference (1) would be easily detectable, irres- 
pective of the moment direction. Similar remarks 
apply also to the LaNiO, pattern, although the 
sensitivity in this case is reduced by the NiO 


impurity. 
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It is of interest to ascertain if possible whether 
or not LaCoO, and LaNiOy, are in fact para- 
magnetic particularly since trivalent cobalt is 
known to form diamagnetic complexes. Informa- 
tion on this point apparently is not available 
from magnetic measurements on LaNiO, and the 
diffuse scattering analysis of the diffraction pattern 
is complicated by the oxide impurity. Magnetic 
susceptibility measurements, however, have been 
reported by JONKER and VAN SANTEN®? on mixed 
oxides of (La,Sr)(Co+#,Co+*)O,. When their curve 
of effective moment vs. tetravalent cobalt con- 
centration is extrapolated to LaCoO, an effective 
moment essentially equal to the spin only value is 
indicated. However, with increasing tetravalent 
cobalt concentration the effective moments fall 
well below the calculated spin only values. 

We have analyzed the background scattering in 
the LaCoO, diffraction pattern by comparing the 
diffuse scattering contributions from incoherent 
nuclear scattering, instrumental background, and 
estimated multiple scattering with the observed 
diffuse scattering. It appears that a definite excess 
scattering corresponding roughly to 0-7 of the 
spin only moment remains after subtracting the 
above mentioned contributions but the angular 
dependence of the paramagnetic scattering 1s 
strongly suggestive of an appreciable orbital 
contribution to the moment. These observations 
are illustrated in Fig. 4 also where the magnitude 
and angular variation of the scattering for a spin 
only paramagnet are shown for comparison. 


SUMMARY AND DISCUSSION 

For such of the perovskite-type compounds in 
which magnetic ordering among the B site ions 
has been observed, the ordering temperatures are 
sufficiently high to imply exchange type inter- 
actions, which in view of the crystal structures of 
these compounds are probably indirect. Indirect 
magnetic interactions between magnetic ions 
separated by an intervening nonmagnetic anion 
may be expected to depend upon the electronic 
configurations of the ions, the interionic distances, 
and the cation-anion bond angles. Some qualita- 
tive remarks concerning these dependencies may 
now be made although as yet the experimental data 
are too sparse for a quantitative correlation. 

Two types of magnetically ordered arrangements 


have, up to the present time, been observed for 


perovskite-like systems in which the B site posi- 
tions are occupied by a single ionic species, and 
both are antiferromagnetic. The A-type con- 
figuration is adopted by Mn** in LaMnO,: the 
G-type configuration by Mn+* in CaMnOs,, 
Cr+? in LaCrO,, and by Fe** in LaFeO, and 
ErFeO,.“*) Ferromagnetism, exclusive of weak 
parasitic ferromagnetism, is apparently only found 
when more than one ionic species occupies the B 
sites, although JONKER“!) has recently reported 
ferromagnetism in mixed oxides LaMnO,-BaTi0, 


in which only one magnetic ion is presumed to 
occupy the B sites. Finally no magnetic ordering 


has been found for temperatures down to 4-2’K 

for Co+® in LaCoO, and for Nit® in LaNiQg. 
The G-type configuration 

corresponds to the simplest of the 


antiferromagnetic 
antiferro- 
magnetic arrangements possible on a simple cubic 
lattice. Each ion has six antiferromagnetic nearest 
neighbors and the configuration may be regarded 
as two interpenetrating face centered cubic lattices 
on each of which the spins are parallel but which 
have opposite spin orientation from each other. 
It has been shown by LuttinceR™” in the Isinc 
approximation, that such an ordered configuration 
is to be expected for strong first neighbor inter- 
actions. Since in the ideal perovskite structure 
the shortest distance between magnetic ions is 
along the linear B-O-B configuration one may 
expect first neighbor indirect interactions to pre- 
dominate. One notes, however, now that para- 
meters for a few of the perovskite-like systems are 
known, that the magnetic interactions will no 
longer be equivalent along the three cube edges. 
In fact GILLEO“*) complicated 
anisotropy of the magnetic susceptibility of single 
crystal GdFeO,. Nevertheless the same G-type 
ordering arrangement is preserved even in ErFeO, 
from the ideal cubic 


has observed 


in which the distortions 
structure are as large or larger than any so far 
measured. 

The magnetic properties of the manganese 
perovskites, including LaMnO, and CaMnO, have 
been correlated by GoopeNouGH"® with the 
structural distortions of the compounds and these 
have been assumed to result from the formation 
of directed hybrid orbitals. The nature of these 
orbitals depends strongly upon the electronic 
configurations of the magnetic ions and upon their 
anion environment which for these perovskites 
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is an octahedral arrangement of oxygen ions. 
Arguments similar to those used by GOODENOUGH 
may be directly applied to Cr+* in LaCrO, which 
has, as does Mn**, a 3d* configuration, and as for 
CaMnO,, the observed G-type magnetic ordering 
arrangement would be predicted. The experimental 
observations for Fe+* (3d°) are less readily cor- 
related on GOODENOUGH’s model for it appears 


necessary that Fe+® hybridize octahedral orbitals 


which are much less favored than tetrahedral 
orbitals according to the stability criteria of 
GOODENOUGH and Logs.“? 


Finally, although the formation of octahedral 
hybrid orbitals is not expected, on GOODENOUGH’s 
model to lead to crystallographic distortion and 
hence other mechanisms must be invoked to 
account for the orthorhombic distortion observed 
for LaCrO, and LaFeQg, the correlation between 
magnetic structure and crystallographic distortion 
in the manganese perovskites, and especially 
LaMnO,, is quite striking. In this case the A-type 
magnetic structure with ferromagnetic coupling 
between Mn 


magnetic coupling between Mn ** ions in adjacent 


ions in a plane and antiferro- 


planes is a natural consequence of the assumption 
of square coplanar hybrid orbitals, and only first 
neighbor interactions need be considered. It is of 
interest to note in this connection that for a simple 
cubic lattice and within the Ising approximation 
an A-type antiferromagnetic structure can be 
stable relative to a ferromagnetic structure if first 
neighbor interactions are ferromagnetic and second 
neighbor interactions antiferromagnetic such that 
the ratio of second to first neighbor interactions is 
greater than one-eighth.“* 
The configuration of the 
important also in the superexchange model for 
indirect interaction and as first presented the 
model predicts antiferromagnetic coupling for ions 
and ferro- 


magnetic ions is 


having five or more 3-d electrons 
magnetic coupling for those with less than five 
3-d electrons. In the present series of observations 
both 3d and 3d° ions are observed to form G-type 


structures. However, recent 


antiferromagnetic 
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calculations by ANDERSON and Hasecawa") have 
shown that superexchange can give either ferro- 
magnetic or antiferromagnetic coupling for ions 
containing fewer than five 3-d electrons. 
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Abstract—The method developed in Part I is applied for calculating the X-ray scattering effects 
due to defects. It is found that all of the X-ray effects can be expressed in terms of the normal 
co-ordinates used in Part I. Several examples are treated in the case of a face-centred cubic lattice. 
It is found that there are two groups of defects as far as the distribution of diffuse scattering in- 
tensity is concerned. One shows a lemniscate type similar to HUANG’s previous predictions and the 
other shows an ellipsoid type which is observed in the experiments on irradiated crystals. Both 
isolated vacancies and isolated interstitial atoms in possibly favoured positions show the lemniscate 
type, but pairs of these defects show the ellipsoid type. 


1. INTRODUCTION 

In Part I we developed a general method of cal- 
culating the distortion around point defects. The 
main feature of the method was to use the normal 
co-ordinate expansion for the expression of dis- 
placements and we succeeded in taking into ac- 
count the discrete nature of the crystal lattice with- 
out difficulty. It will be shown here that our 
normal co-ordinate expansion is also very useful 
in discussing the X-ray scattering effects. 

General theories on this problem have been 
given by ZACHARIASEN,®) MatsuparRA® and 
CocHRAN®) and detailed calculations for the face- 
centred cubic lattice have been carried out by 
Huanc,™ using isotropic elasticity. Our treatment 
corresponds to a straightforward extension of 
MaATSUuBARA’s treatment of diffuse scattering. Some 
examples will be shown for the case of a face- 
centred cubic lattice. 

Throughout the following, we treat the case of 
one particle per unit cell. The same notation as 
used in Part I will be used without specifications. 


2. DISTORTION DUE TO DEFECTS 
(a) Distortion due to distribution of defects 
In Part I we treated mainly the distortion around 
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a single defect. Here we extend our previous ex- 
pression to the distortion due to the defects which 
are distributed throughout the crystal. First con- 
sider the case where the same kind of defects are 
distributed. The position vector of one of the 
defects is specified by 


()=td +r (2.1) 


where fr, is the position vector of the defect re- 
ferred to the cell vertex and so common to all of 
the same kind, r,’ coincides with one of the cell 
vectors and so represents the distribution of the 
defects in the crystal. Assume that we obtained the 
following expression of displacement of the lattice 
point r! due to the defect whose position vector is 
r(j)=Ta 


E°(r) %Q(9) ofan, .2) 


The normal co-ordinates in (2.2) can be obtained 
by the method described in the previous treatment. 
Then the displacement of the lattice point r/ in the 
case when the same kind of defects are distributed 
throughout the crystal (over different values of 
r 4’) becomes 


E(r?) = Z UQ(q)- tw. 
“ ¢ 


The equation (2.3) is valid as far as the law of 
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superposition can be applied for the displacements 
due to defects. 

Next consider the case where sev eral kinds of 
defects are distributed. The position vector of the 


sth kind of defect is 


5)=f7i +f. (2.4) 


1 
Assuming the following expression for displace- 
ment due to the sth defect whose position vector 1s 
r°(t) r 


~Q.(q) “gl (Z 
q 


E°(r’) 


the displacement when various kinds of defects are 


distributed is given by 


E(r*) = = Zt TOAq)- et" "a’. (2.6) 
* 


r 


Thus we see now that having obtained the dis- 
tortion due to a single defect such as (2.2) or (2.5) 
by using the method described in the previous 
article, the extension to the case of distributed 
defects can be carried out by a superposition pro- 


cedure such as (2.3) or (2.6). 


(b) Distortion due to image forces 
According to the discussion given in the previous 


article* we have to add the distortion due to 


“Image forces’’ in addition to the distortion such 
as that given now which was obtained by using the 
cyclic lattice condition. This additional distortion 
becomes a uniform dilatation in the case of cubic 
crystals provided the distribution is uniform. The 
reason is as follows. This additional distortion due 
to the free surface condition can be considered as 
the macroscopic distortion of the crystal subjected 
to a distribution of “image forces’? normal to the 
surface. Assuming that the distribution of defects 
is macroscopically uniform, in other words neglect- 
fluctuation of distributed ‘image 
forces” from the additional 


distortion also becomes uniform throughout the 


ing the local 


average value, the 
crystal. This uniform additional distortion turns 
out to be a uniform dilatation in the case of cubi 
crystals and an anisotropic dilatation in noncubi 
crystals. 

As shown in Part I, the amount of dilatation of 


this kind must be equivalent to the volume change 
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where f, is the atomic scattering factor of defect 





of the crystal due to surrounding distortion around 
the defect. As a conclusion the displacement due 
to distribution of defects is expressed in the form 
of (2.3) or (2.6) where the lattice constants of the 
original crystal are changed (dilated) so as to give 
the correct value of the volume change due to 
surrounding distortion by the dilatation. The effect 
of the fluctuation of distribution, 
which is neglected here, comes mainly from the 


“image force” 


defects existing near the surface of the crystal. This 
effect depends also on the exact shape of the crystal 
and it seems doubtful whether this kind of effect 
can be detected by experiments. 


3. X-RAY SCATTERING FROM CRYSTALS CON- 
TAINING DEFECTS 

We assume for simplicity that the scattering is 
weak and that therefore the wave incident on each 
atom is the original incident wave and the waves 
scattered by other atoms may be neglected in com- 
parison with it. In the case of crystals with one 
particle per unit cell, we obtain the following ex- 
pression for the amplitude A,. of the scattered 


X-ray 


SC 


UK (r'+€(r!)) 
e € 


(3.1) 


where f(r’) is the atomic scattering factor of the 
atom r!, K = k—k'’ 
k is the wave vector of the incident X-ray, 
and k’ is the wave vector of the scattered 


X-ray. 


In the following we assume that f( r’) is constant 
and equal to that of normal atoms. A more rigorous 
treatment was carried out by taking into account the 
different value of f(r’) for defect atoms. The details 
of this treatment are not given here. It is sufficient 
only to mention that the relative importance of the 
effects of different values of f on scattering in- 


tensity is approximately 


for substitutional defects 


and 
lL in 
To N 


for interstitial defects 
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atoms, f, is the atomic scattering factor of normal 
atoms and (n/N) is the concentration of defects. 
The effects due to this assumption may be neg- 
lected in the case of small concentrations of defects. 


Thus (3.1) becomes 
+ IK (r!+€(r1)) 
As anil 
fa 


Consider the region of low-order diffraction, for 
which k—k’ = K is of the order of an inverse 


atomic distance. Since the displacements &(r‘) are 
small compared with the atomic distance, we can 
expand (3.2) in a series in the following way: 


Ase = fy e'*"[1 +iK -&(1") 


4(K -€(r’))?+ 
(3.3) 


The first term in (3.3) vanishes unless K — S, 
where S is a reciprocal lattice vector, and gives the 
LAUE-BraGG reflection from the perfect un- 
displaced lattice. According to the discussion given 
in Section 2(b) concerning the distortion due to 
image forces, this perfect undisplaced lattice must 
be the one already subjected to the dilatation due to 
uniform distribution of image forces. This also ac- 
companies the dilatation of the reciprocal lattice. 
Considering that this additional dilatation gives 
the volume change due to distortion, we obtain the 
theorem that the volume change calculated from 
the shift of Lave-BraGc reflection (the change of 
lattice constant of the reciprocal lattice) is equal to 
the volume change due to the distortion around 
defects. This conclusion with 
ESHELBY.\°? 

The above argument on the first term in (‘ 
valid as a general conclusion. In the following the 
second and the third terms in (3.3) will be discussed 
in the case of a single defect and then of distributed 
defects. It must be remembered that the reciprocal 
lattice referred to below is the one already sub- 
jected to dilatation equivalent to the volume 


agrees 


3.3) is 


change of the crystal. 
(a) Scattering from the single defect 
by the following expression 


 Q(q)- '%", 


q 


Replacing &(r’) 
E(1") 
the second term in (3.3) becomes 


-Z[Q(q): Le’ 


q 
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Here etx +@r' vanishes unless K+q = S and so 


r 


(3.5) becomes 


Al! =if,NK « Q(S—K) (3.6) 
which gives the scattering amplitude correspond- 
ing to K in the reciprocal space. 

Replacing by K = S+q, 


AY. = foN(S+q): Q(—q) (3.7) 


which gives the scattering amplitude for K corres- 
ponding to the point (.S+-q) in the reciprocal space. 
This term evidently corresponds to the diffuse 
scattering and the corresponding intensity distri- 
bution is given by 


Laitiuse(S+ q) =f2N*\(S+q)-Q(q)|?. (3.8) 


From the general property of the dynamical 
matrix discussed in Part I the magnitude of O,(q) 
tends to infinity as q approaches “to zero (but 
Q.(q) is zero when q = 0)”. This leads to the 
general conclusion that the diffuse scattering in- 
tensity is concentrated around the reciprocal lattice 
points. On the other hand the following relation 
obtained in Part I 


Q(q=0)=0 (3.9) 


corresponds to the fact that the diffuse scattering 
intensity becomes zero at the reciprocal lattice 
points.) (3) 

Next consider the third term in (3.3). 
K-€(r) is asmall number, the contribution of this 
term is small compared with that of the second 
term. It contains, however, the terms which are 
coherent with the first term in (3.3) and these give 
contributions to diminish the intensity of LAvE- 
BraGG reflection as shown below. The third term 


Since 


becomes 


Axe bfo & (K-Q(q)) 


qq 


x(K- Q(q')) Deletara’ 


The summation over r! vanishes unless K+-q+q’ 
S, and the coherent term which corresponds to 


K = S becomes 
Anh Lf,N XS, -S,(=2 Q,(q):0,(— q)). 


q 
(5.00) 
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The amount of loss of intensity from the regular 
Lave-Bracc diffraction is given by 


NYP ES,S{E 054) Oe} 


(3.12) 


a ee 


where a, 8 = 1, 


(b) Scattering from the distribution of the same kind 
of defe cts 
Replace &(r’) in (3.3) by the expression of (2.3) 
and the following calculations are similar to those 
in (a). Diffuse scattering intensity corresponding 
to the point ($+4q) in reciprocal space becomes 


Taistuse( S+ q) 
f2N2| Bet Wel2 - |(S+q)- Q(q)|*. 


r! 


. “ TY eid 
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ri J 


d 
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where m is the number of the defects in the crystal. 
The second term in (3.14) vanishes when the dis- 
tribution is completely at random. Thus for the 
completely random distribution of defects (3.13) 
becomes 


Taittuse(S+ q) = nfy2N?|(S+q) - Q(q)|? (3.15) 


According to the similar argument the loss of in- 
tensity from the regular LAvE-Bracc reflection. is 
given by 


nN*f2 = S,-S{XO(q):O(—q)} (3.16) 
q 


aB 


in the case of completely random distribution. 


(c) Scattering from the distribution of various kinds 
of defects 

Replace &(r’) by (2.6) and use the similar pro- 
cedures as in (a) and (b). The following results are 
obtained in the case of completely random distribu- 
tion of defects. 

Diffuse scattering intensity corresponding to the 
point (S$+-q) in reciprocal space 


Taittuse( S+ q) = fo2N? Xn,|(S+q) - Q.(q)|? 
(3.17) 


where n, is the number of the sth defects. It has 
been assumed that each kind of defect is distributed 


at random and independently with another kind of 
defect (in other words without formation of “‘pairs”’ 
between different kinds of defects). The loss of 
intensity from the regular LAvE-Bracc reflection is 


fo*N* Xn, Snake Q.(9)*Qe(—9)}. (3.18) 


To summarize, the above discussions predict the 
following X-ray scattering effects from a crystal 
containing defects: 

(1) Expansion of the lattice which gives the 
volume change due to distortion around 
defects. 

(2) Diminishment of the LAvE-BraGc reflection 
intensity. 

(3) Diffuse scattering surrounding the reciprocal 
lattice points. 


These qualitative conclusions in the above 
general treatment agree with those obtained by 
CocHRAN®) and also with those summarized by 
TuUcKER and Seno‘), Our methods may be more 
easily applied to particular problems—particular 
types of defects in particular crystal structure. In 
the next section, several types of defects will be 
considered in the case of the face-centred cubic 
structure. 


4. EXAMPLES IN FACE-CENTRED CUBIC 
LATTICE 

In this section attention will be concentrated on 
the distribution pattern of diffuse scattering in- 
tensity in the reciprocal space. As can be seen from 
our general treatment of X-ray effects the distribu- 
tion of diffuse scattering intensity is essentially 
determined by the distribution of Q(q) in the re- 
ciprocal space. This suggests the possibility of 
obtaining a detailed knowledge of the nature of 
displacements by studying the diffuse scattering 
distribution. According to TuckKER and Sento‘) 
there is a discrepancy in the diffuse scattering 
found in their experiments and the prediction by 
Hvuanc®) based on elasticity theory. HvuANG’s 
theory predicts that the diffuse scattering around a 
reciprocal lattice point has roughly the shape of a 
lemniscate whose axis is parallel to the vector from 
the origin to the reciprocal lattice point and whose 
centre lies at the reciprocal lattice point. The work 
of Tucker and SENIo on irradiated crystals has 
shown that the diffuse scattering has roughly the 
shape of an ellipsoid. 





POINT DEFECTS IN FACE-CENTRED CUBIC LATTICE 


In the following several kinds of defects will be 
treated in the case of a face-centred cubic lattice 
and the possible origin of the above discrepancy 
will be also discussed. The model of the central 
interaction with the first nearest neighbours will 
be used as in Part I. As far as the external forces 
representing the defects are concerned we will not 
specify any special nature of interatomic forces and 
we will consider the problem mainly from the 
standpoint of symmetry. It can be shown that only 
the symmetry argument is necessary in discussing 
the general pattern of the diffuse scattering— 
especially in distinguishing between the lemniscate 
type and the ellipsoid type as described above. 

We also confine our discussion to the scattering 
intensity in the neighbourhood of the reciprocal 
lattice points. Then the general expression (3.17) 
for the diffuse scattering distribution becomes 

Taistuse(S+ q) =fy2N? Un,|S-Q,(q)|? (4.1) 
s 
and we use the asymptotic expression for Q(q) in 
the neighbourhood of gq = 0. We also assume a 
perfectly random distribution of defects. 


(a) Substitutional defects 

This kind of defect was treated in Part I in 
detail. Considering (4.1), and (4.20) and (4.21) in 
Part I the diffuse scattering intensity can be ex- 
pressed as 


1 
Taittuse( S+ q) = fo! | F(losmarn,) (4.2) 
r 


where 


9 
“ 


r=lq 


(/,, M,, Nq) are the direction cosines of the vector q 
and Fs(1,, m,, ,) is the function representing the 
distribution of diffuse scattering intensity around 
the reciprocal lattice point §. From (4.2) the con- 
tour surface in the reciprocal space with the scatter- 
ing intensity J, is given by 


ae ( fr2N? 


d 


) FL q, Mg Ng): (4.3) 


The equations (4.2) and (4.3) can be shown to be 
valid as a general expression for any kind of defects. 
This corresponds to the fact that the displacements 


111 


of the lattice points far from the defect can be ex- 
pressed by the following asymptotic formula 


(4.4) 


(r°) I (1, m,n) 


1 

iri 
as derived in Section 5(b) in Part I. From (4.3) the 
shape of the contour surface is given by plotting 
/[Fs(1,, mq, Nq)| around the reciprocal lattice point 
S. In the following we compare the general patteen 
of the contour surface obtained in this manner for 
several kinds of defects. In the case of substitutional 
defects, the intensity is calculated by (3.15) and the 
Q,(q) obtained in Part I. Figs. 1(a), 2(a) and 3(a) 


10 


O11 


Fic. 1. Sections of the intensity contours of X-ray diffuse 
scattering in the reciprocal space around the (S00) lattice 
point through planes containing the <S00> vector. 
Solid line shows the pattern through (001) plane and 
broken line through (011) plane (in arbitrary scale). 
(a) Substitutional defects, and interstitial defects in 
body-centred position. 
(b) Interstitial defects in dodecahedral position, and 
defect pairs. 
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show the sections of the intensity contours around ii 






(S00), (SSO) and (SSS) reciprocal lattice points 






respectively, through planes which contain the 






corresponding S vector. These are drawn on 






arbitrary scales and so these patterns are independ- 






ent of the magnitude of external forces applied on 






the first and the second nearest neighbours. 






The following features are noticeable. 






i) The contour surface is made of two parts, 






each of which has a rather complicated shape. The 












{h 
\L 






Fic. 3. Patterns around the (SSS) reciprocal lattice point 


Solid line through (110) plane and broken line through 





(101). (a) and (b) are as before. 











surface on which the intensity vanishes is generally 





vector and passes through the S$ point. In the 









= special case such as (SOO) and (SSO) the intensity 





J vanishes on this kind of plane but in the general 





| ay, Bie 

\1 very near to the plane which is normal to the $ 
& 

j 


case it vanishes on some curved surface. 





We call this type of distribution a lemniscate 





type following Tucker and Senio.‘*’ It may be 





interesting to point out that HUANG’s result gives 





the intensity contour made of two spheres in the 






neighbourhood of any lattice point—two spheres 






d) touching at the reciprocal lattice points and having 





Fic. 2. Patterns around the (SSO) reciprocal lattice point. the axis parallel to the lattice vector. Thus in 






Solid line through (001) plane and broken line through HUANG’s case the intensity always vanishes on the 





110) plane. (a) and (b) ave as before plane normal to the S vector. 
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(ii) The reciprocal lattice for face-centred cubic 
structure is a body-centred lattice and so these 
patterns satisfy the required symmetry. From the 
figures it can be seen that only in the case of the 
(S00) point the pattern has roughly rotational 
symmetry around the vector § and otherwise the 
deviation from rotational symmetry is appreciable. 


(b) Interstitial defects 


(1) Interstitial in body-centre position. In this case 
the predominant origin of distortion is the repul- 
sive interaction of the defect atom with its six first 
nearest neighbours. Consider the external forces 
applied on these neighbours as shown in Fig. 4. 
The asymptotic expression for Q,(q) in the neigh- 
bourhood of gq = 0 is of the same form as for 
substitutional defects. Thus the intensity distribu- 
tion is given contours similar to those shown in 
Figs. 1(a), 2(a) and 3(a). 




















Fic. 4. Interstitial defect in body-centred position 


(2) Interstitialcy configuration. A defect of this 
kind such as shown in Fig. 5 gives a distortion of a 
type axis. The ex- 


b- 


cylindrical nature with «100 
pression for Q,(q) is different from that for su 
stitutional defects having distortion of a spherical 
nature. As far as the intensity contour is concerned, 
however, this also is of the lemniscate type. 

(3) Interstitial in dodecahedral position. 'The pre- 
dominant origin of distortion is the repulsive inter- 
action of the defect atom with its two nearest 
neighbours. Consider the external forces applied 
on these neighbours as shown in Fig. 6. This gives 
distortion of a cylindrical nature with <110> type 


axis. 


FACE-CENTRED CUBIC 


LATTICE 




















Fic. 5. Interstitialcy configuration. 


In obtaining the scattering intensity, we con- 
sider six equivalent positions and sum up by using 
the equation (3.17). Figs. 1(b), 2(b) and 3(b) show 
the sections of intensity contours each correspond- 
ing to Figs. 1(a), 2(a) and 3(a) respectively. ‘The 
geometry of these contour surfaces is fairly com- 
plicated, but the essential difference from sub- 
stitutional defects is quite obvious. The contour 
surface in this case is a single surface which en- 
closes the reciprocal lattice point inside it. We call 
this type of pattern an ellipsoid type to be con- 
trasted with the lemniscate type. 




















Fic. Interstitial defect in dodecahedral position. 


(c) Pair of defects 
Consider the pair of two defects (a/1/2) apart 


and having the pair axis parallel to one of the 
110 > directions. This group includes the vacancy 


pair, the pair of interstitial defects (in body-centre 
position) and the pair of substitutional impurity 
atoms. In every case of these pairs the distortion 


has a cylindrical nature along <110> and the in- 


tensity contour belongs to the ellipsoid type such 
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as shown in Figs. 1(b), 2(b) and 3(b). The detailed 
shape of the contour surface depends on the 
detailed nature of the defect, but the essential 
difference from the lemniscate type is common to 
all of these. 

To summarize the above results, there are two 
types of diffuse scattering pattern around a re- 
ciprocal lattice point. One is the lemniscate type 
which shows two closed surfaces touching at the 
lattice point and the other is the ellipsoid type 
which shows a closed surface surrounding the 
lattice point. It seems to be a general rule in cubic 
crystals that the isolated defect shows the lemnis- 
cate and the pair shows the ellipsoid.* + 


5. CONCLUSION 
It is concluded that all of the X-ray scattering 
effects due to point defects can be expressed in 
terms of the normal co-ordinates used in the ex- 
pression for distortion around the defects in Part I. 
Applying the method to the case of face-centred 


* An isolated interstitial atom in a dodecahedral 
position shows the ellipsoid type as shown in Section 
4(b) (3). This type of defect, however, is not likely to 
exist in the face-centred cubic lattice. 

+ Preliminary results on the diamond structure show 
this to be the case here also. 


cubic crystals, it is concluded that there are several 
possible cases where the diffuse scattering around 
a reciprocal lattice point has an ellipsoidal shape to 
be contrasted with the lemniscate predicted by 
HUANG’s previous treatment. 

The most interesting result is that isolated point 
defects such as vacancies and interstitial atoms in 
the possibly favored position in the face-centred 
cubic lattice show the lemniscate type while pairs 
of these defects show the ellipsoid type. 
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Abstract—The differences of hole ionization energies among the group-III elements acting as 
acceptors in silicon indicate the necessity of considering the specific contribution of the acceptor 
atom. Energies of two electron bonds are calculated using Morse curves to approximate interatomic 
potentials. The additional binding energy increases sharply from gallium to indium in accord with 
experiment. Arguments are presented to show why varying the acceptor element is less important in 


germanium. 


INTRODUCTION 


RECENT experiments have shown that the Group 
III elements acting as acceptors in silicon, have 
levels located at different energies in the forbidden 
gap.“) Previous theoretical estimates of acceptor 
energies®) have followed the effective mass ap- 
proximation. In this approximation the acceptor 
is considered to be an electrostatic point charge and 
the hole a mobile charge free to move around the 
acceptor. The strong dependence of the hole 
activation energy upon the chemical element acting 
as acceptor indicates the necessity of considering 
the specific contribution of the acceptor atom. We 
shall calculate acceptor activation energies using a 
model where the bound hole is assumed to be im- 
mobilized at the acceptor atom. After deriving 
values of ionization energy for this tightly bound 
model we discuss how this might be incorporated 
in an effective mass calculation. 


Tight-bonding model 

The experimental results include not only the 
thermal activation energy, i.e. the energy required 
to free a hole from its hydrogenic 1s ground state, 
but also more recent optical data) which measure 
the activation energy of excited states as well. The 
energies of these states are presented in Table 1. 
The 2p, 3p and 4p levels are relatively independent 
of the acceptor atom while the 1s state varies con- 
siderably with the acceptor element. It is reason- 


Table 1.* Energy Levels of Group III Acceptors 
in Silicon 








E In | Hydro- 
nergy | is cap om eens bl . 

r= = r= | r= | genic 
Level 


| 0-88 A| 1:26 A} 1-26 A| 1-44.A| Model 





eV | eV | eV eV 
1s-con- | 
tinuum 0-046 | 0-067 | 
2p-con- 
tinuum 0-012 | 0-012 
3p-con- | 
tinuum 0:006 | 0-008 
4p-con- 
tinuum | 0-003 | 0-003 


0-071 | 0-156 | 0-0460 


0-013 | 0-013 | 0-0115 


0-011 | 0-008 | 0-0051 


0-003 | 0-003 | 0-0029 


* From BursTEIN, Picus, HENvis, and WALLIs 7. Phys. 
Chem. Solids 1, 65 (1956). 


able that the penetrating s-orbitals should be 
affected by perturbations at the core while the 
non-penetrating p-type excited states are relatively 
unaffected. In order to understand this perturba- 
tion we consider the tight-bonding model of Fig. 
1. A trapped hole is represented in Fig. 1(b) by an 
unpaired silicon-acceptor bond while in the body 
of the crystal a particular silicon-silicon bond is 
paired. Fig. 1(a) shows the pertinent sections of the 
crystal after an electron has been removed from the 
Si-Si bond and placed in the Si-Ac bond. The 
change between these two states is the ionization of 
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nm. is 


one 
the ionization energy of a hole into two parts: The 
energy, including kinetic and potential 


rgv terms, required to free a hole from the en- 


hole. For our purposes we here have divided 


nment of an acceptor, and the additional bond- 


il 


g energy which arises because the silicon-acceptor 


Liy’ 


S S 
Y 4 
AC 
2s” 
Si Si 


binding model of ptors in 


silicon 


bond does not have the same energy as a silicon- 
silicon bond. This latter energy is calculated sub- 
ject to the following assumptions: 

(1) No appreciable distortion of the lattice exists 
around the acceptors and no nuclear rearrange- 


ments occur during the ionization. 
5 


The Morse curves for different bonds will be com- 


Morse curves describe the bond energies. 
pared and the energies discussed with respect to 
infinite nuclear Now 
paring the energy of the bond not with infinite 


com] 


separation. we are really 


separation but rather with the energy of the one 
break the 
bond 


electron bond which exists when we 


Since the electron 


energies are small it is reasonable to assume that 


covalent bond. one 

their variations are negligible. 
(3) The silicon-acceptor dissociation energies, 

required for the Morse curves, are computed by 


using a relation of PAULING’s™? which states that 


for similar electronic configurations the dissocia- 
tion energies are inversely proportional to the inter- 
nuclear distance. The main justification for apply- 
ing this formula comes from the excellent agree- 
ment between theory and experiment for the dia- 
mond, silicon, germanium and grey tin series. 


The bond energy is given by 
E(r) = Die?’ 


where r is the internuclear distance maintained in 


SH1 


LMAN 
the crystal, r, is the sum of silicon and acceptor 
tetrahedral radii, D is the dissociation energy and 
a is a constant to be determined. Electron energies 
are used. Expanding about the point r = r,, sub- 
stituting Ds; s; =~ 1 eV and using PAULING’s re- 
lation between D and r, eq. (1) becomes 


2-34 


E(A) [—1+a?4?—a3d34 ...J+1 


r 


é 


where E(4) is the additional energy above the top 
of the valence band that the tightly bound hole 
possesses and where 4 = r—r, 

Optical measurements indicate that boron in 


silicon has excited states which are very close to a 
hydrogen-like model while in the other acceptors 
the states differ from a hydrogenic model. There- 
fore, we suggest that the boron-silicon bond has the 
same energy at 2-34 A as the Si-Si bond at this 
distance, or that E(4) for boron equals zero. This 
was used to calculate a value for the constant « in 
eq. (2) and the value of 1-65 A! obtained was 
used for the other acceptors. The results of these 
numerical calculations are presented in Table 2. 


Table 2 


Thermal) Optical 


ra(A) (4) 
Tetrahedral 


Radii 


E( 4) 


Calculated 


Ioniza-  loniza- 


Element 


tion tion 


Energy 


0-046 0-0 
0-067 0-06 
0-071 0-06 
16 () ) 0-156" 0-36 


26 ( 0-43 


065 a 


@) Morin, MAITA, SHULMAN, and Hannay Phys. Rev. 


96, 833 (1954) 
BuRSTEIN, Picus, HENvis, and Lax Phys. Rev. 98, 
1536 (1955) 
) SHULMAN R. G. and Wytupa B. J. (Unpublished 


results) 
(4) PauLinGc L. Nature of the Chemical Bond, Cornell 


Univ. Press (1942) 

The second column lists the ionization energies 
determined by Hall measurements, while the third 
column presents the same quantities measured 
optically. Although these two methods do not 
agree perfectly the differences are not important 
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for our considerations. In the fourth column we list 
the values of E(4) calculated from eq. (2). Now 
i(4) is the bonding energy assuming the process 
pictured in Fig. 1. From what has been said 
above it can be seen that the true ionization energy 
of a hole from its ground state is its coulombic 
energy modified by some contribution from E(4). 


Table 2 illustrates the qualitative agreement of 


(4) with experiment in that both show a sharp 
increase going from gallium to indium. Further- 
more qualitatively this increase does not depend 
upon any assumed parameters but is a consequence 
of assuming that the potential forces between nuclei 
rise more steeply at distances shorter than equili- 
brium than they do at distances longer than equili- 
brium. Another qualitative accomplishment of the 
above calculations is seen in the ionization energy 
of thallium in silicon which is reported here for the 
first time. According to the tight-bonding calcula- 
tions the ionization energy for thallium should be 
somewhat greater than that of indium while the 
main discontinuity should be between gallium and 
indium. That this is the case can be seen from 
Table 2 where the thallium ionization energy is 
listed. The previous difficulty in determining this 
energy was growing a crystal containing thallium 
since thallium has an appreciable vapor pressure at 
the boiling point of silicon and it rapidly vaporizes. 
This crystal was grown by E. BUEHLER by starting 
with high purity n-type silicon and dropping in 
successive thallium pellets. The p-type region was 








4 4 


Slope=0:25 eV 








500 


Fic. 2. Conductivity of 50 Q-cm p-type thallium doped 
silicon as a function of reciprocal temperature. 
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isolated and a bridge cut from it. Potentiometric 
resistivity measurements made as a function of 
temperature are shown in Fig. 2 where the slope 
determines the ionization energy as 0-26 eV.* 

In addition to explaining the variations in 
acceptor energies the above model accounts for 
the relatively constant values of donor ionization 
energies. These values as determined by Hall 
measurements} are: 0-044 eV; 
arsenic, 0-049 eV; antimony, 0-039 eV and bis- 
muth, 0-067. When a donor electron is ionized no 
bonds are broken or formed and the effects of 


phosphorous, 


ditferent covalent radii are negligible. 

In germanium the acceptor ionization energies 
have been shown"? to be quite insensitive to the 
acceptor element. The difference between silicon 
and germanium can be understood by considering 
our calculated energies as perturbations upon a 
simplified effective mass calculation. Starting with 
a hydrogenic Is function 9 (a®zr)-*e-"/* where 
a = Kh?/me? is the effective Bohr radius, and K 
the dielectric constant we consider a perturbing 
potential V(4) assumed to be constant out to a 
radius 6. The additional ionization energy is 

¥ cb 4r? 
b*V(A)d dr —€ 27 /@ dy 


4 5° : 
(3) 
3 a 
Since 6 is of the order of 2-4A in both silicon and 
germanium and dg, ~2as; ~34A the above ex- 
pansion is justified and only the first term need be 
retained. We see that the effect of perturbations at 
the core of an acceptor in silicon will be at least an 
order of magnitude more effective than similar 


perturbations in germanium. These ideas have 
been used to explain comparative values of ioniza- 
tion energies. However, it has not been possible to 


’ 


find order of magnitude agreement with the 
absolute values of observed energies by consider- 
ing these tight-bonding energies as perturbations 


upon the effective mass Hamiltonian. This is not 


* This value has been confirmed by H. Bripcers, Jr 
who has made Hall measurements on the same sample 
down to 170°K. 

t These values are from ref. (1) but include F. J. 
Mor n’s revised value for phosphorous and a previously 
unreported value for bismuth. 
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surprising considering that the effective mass 


approximation is not correct close to the acceptor 


~ 
since both diel 


ectric constant and potential are 


irying rapidly. The final solution must incorpor- 


ite a perturbation of the acceptor atom with an 


~ tlV¢ Mass 


approach in a manner which is 


presently difficult to indicate. 
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Abstract 


The diffusion of photoconductivity in nonilluminated parts of CdS single crystals has 


been studied both on unactivated samples and on samples activated with Ag. Diffusion lengths 


ranging from a fraction of a micron to several hundreds of microns were observed. Measurements of 
the spectral response, the temperature dependence of the diffusion length and the P.E.M. voltage 


prove that the large values of the diffusion length are due to exciton diffusion. An activation energy 
of about 0-1 eV was found for thermal ionization of the excitons. At room temperature, in most of 
the Ag-activated crystals the thermal diffusion of the conductivity is a combination of ambipolar and 


exciton diffusion, a theory of which is given for a one-dimensional case. 


1. INTRODUCTION 

Various authors have studied the thermal diffusion 
of the photoconductivity (photo-diffusion) in 
CdS single crystals. This diffusion was originally 
described in terms of ambipolar diffusion of free 
charge carriers,“-*) the possibility of hole migra- 
tion being suggested already earlier to explain the 
temperature dependence of luminescence in 
ZnS-type phosphors.) In the steady state, the 
ambipolar diffusion can be characterized by the 
diffusion length /,, which can be measured in 
various ways. 

The most direct method for measuring /, uses 


the experimental arrangement illustrated by Figs. 
1 and 15. The crystal is partly illuminated and the 
concentration of the diffused charge carriers in the 


dark part of the crystal is measured—for instance 
by means of a pair of probe electrodes 
distance x from the shadow edge. Under certain 
conditions (to be described in section 2.1) the 


at a given 


concentration n of the charge carriers as a function 
of x is given by 


n =4n exp(—x/1p), (1) 


where n, is the concentration in the illuminated 
region far away from the shadow. 

A modification of this method is to measure the 
resistance R of a crystal which is illuminated over 
the whole length, except for a shadow of variable 


119 


width 2x, in the middle of the crystal (see Fig. 6b). 
The resistance over a length /is given by 


R = {Ae(p,*+p.*)}"} 


with A the cross-section area of the crystal, e the 
electronic charge, p,* and p,* the effective 
mobilities of electrons and holes respectively (see 
below) and n(x) the concentration of electrons 
and holes. The latter concentration can easily be 
calculated from the same diffusion equation which 
leads to (1), and from the boundary conditions of 
the problem. The relative increase in resistivity 


AR/R, is then found to be 


AR/ Ry = (Lp/1)f(x,/1) 


4e*(arctan e*—7/4)— 


f(z) 


—2Incosh zg. 


From the observed dependence of AR/R, on x, the 
value of the diffusion length /,, may be derived. 

A third method giving information about /,, is 
provided by the photo-electromagnetic (P.E.M.) 
effect" (see Fig. 3). The theory of this effect has 
been dealt with by various authors.(” § 

A somewhat simplified theory leads to the 
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following expression for the P.E.M. saturation 


current J. (in MKS units) 


(lp l)feB(.*+p*), (4) 


he total number of excitations per sec, B 


nagnetic induction and p,* and p,* again the 
ve mobilities of the electrons and holes 
[he 


. averaged over the whole ensemble of 


n effective mobility denotes 


ited charge carriers of the type under considera- 
the free ones (mobility ~, and j.) and the 
ynes (mobility equal to zero). Therefore 


density of 
9 the 
the 


indicates the effective 
onduction or valence band, Nj, 


hole traps 


7 

have shown the photo- 
1 CdS to be always n-type 
tate of activation of the « ry stals, 
oscopic imperfections having 
the free electrons of p 180 


m temperature. We may there- 


(60) 


th our experiments (to be described in section 
th the method of the partly illumin- 
and the P.E.M. effect 


several crystal specimens. We found, 


1 and 3) 


however, in general a large discrepancy between the 
different 


to much 


values of 1, 


P.E.M. measurements leading 


obtained by methods, the 


smaller 


values of /,,. A striking example of this difference 
was shown by our sample Ex, for which with the 
technique of Fig. 15 the value /,, = 0-5 mm was 


found. whereas the P.E.M. method gave /, = 
O-lu. 


Such a discrepancy, amounting to a factor 5000, 


can only be explained by the assumption that an 


nportant factor, 


nm 
diffusion of CdS, has been neglected in the deriva- 
tion of eqs. (1-4). As recently evidence was given 


i playing a role in the photo- 


that excitation energy could diffuse in the form of 
excitons in CdS single crystals‘*) we modified the 
theory of the photo-diffusion effects by incorporat- 


ing exciton diffusion into It. 
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2. THEORY OF MIXED PHOTO-DIFFUSION 
2.1. The Photo-diffusion from an illuminated region 
into a nonilluminated region in absence of external 
fields will be discussed for a one-dimensional case 
under the following assumptions: 

(1) Space charge is negligible, so the total density 

of electrons n total density of holes 

p. | 

(2) In the irradiated region (a 
and electron-hole pairs are formed. ‘The con- 


()) both excitons 


centrations at a large distance from the non- 
irradiated region (x %) will be denoted 
by m9 and m, respectively. Only part of the 
electrons and holes are free (see section 1) 


* 


giving rise to effective mobilities «,* and 


excitons decay with a characteristic 
each exciton giving rise to 


the 


time constant Te, 


one electron-hole pair; so direct an- 
nihilation of excitons as well as the formation 


of excitons from pairs is neglected. 


(4) The pairs recombine with a characteristic 
time 7, which is independent of the charge- 
carrier density. This monomolecular decay 
is as a rule observed with our crystals in the 
region of moderately high excitation den- 
sities; it is experimentally corroborated by a 
linear relation between photoconductivity 


and excitation density. 

(5) Both the excitons and the pairs may diffuse 
through the whole crystal. 

(6) Surface effects are ignored. 

(7) Without excitation the carrier concentration 


is negligible (high dark resistivity). 


‘Then in the steady state we have for the carrier-current 


densitie 
k 7 dn dd 


dx 
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and for the exciton-current density 


dng adie Me 
Je Ry; aa Le’ (8) 
dx dx Te 


The optical generation rate of excitons and pairs is 
respectively, the + sign 
0. For x 


denoted by get and g 
referring tc x 0, the 

have g Se 0 and for x <0; ge Noo/Te and 
g~ No/ T ge. De 
excitons. We introduce the diffusion constants 


sign to x 0 we 


is the diftusion coefficient of the 


Le } (Dete)“*; « lp (Dr) 
(Dre) ', 


and «, 


in which 


2u,*po* kT 
D , the ambipolar diffusion 


Hy*+po* 


coefficient; since ,* bo* (eq. (6)) we may write 
D  2p.*(kT/e). With negligible electric current in the 
x-direction /, Jo 7. The terms with do/dx may then 
be eliminated from the equations for j;, 2, which leads 


to a common diffusion equation for electrons and holes 


dn dj 
—D)—; gt (9) 
dx ' 


For the general case (xe # «) and with the boundary 


conditions that for x © all densities must be finite and 
for x 0 the concentrations and their first derivative 
must be continuous, the equations (8) and (9) are readily 
solved as follows. Elimination of j7¢ from eq. (8) and 


integration yields 
Ne = Neg— Fee” (x 
1 y 
Ne = 4Meoe 


Inserting this into eq. (9) and eliminating 7 we 
differential equation for n: 


r 


l 2 p— Ks ss 
— 5% Nege * (x > 0). 


Using the boundary conditions, eq. (11) can be inte- 
grated to 


n =No— 
2 
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X | Nege*e7 + 


L— he" 
—Ny— Neg 
a° 


So in general the extinction of the photoconductivity 
associated with 
“) and the other 


%x), For 


contributions, one 
9 4 


has two different 
exciton diffusion (the term with e 
with ambipolar diffusion (the terms with e 
some special cases the solution takes the following forms 


a: 
Nyt 4[neo a," 2x)x— My le” (x 
S[neg(222a)u-tngle™™ (3 


© (the excitons do not diffuse): 


a8 (12b) 


n = knoe 


(c) a © (no ambipolar diffusion) 


n=Ny— 


A schematical survey of the various types of solutions 


is given in Fig. 1. For x > 0, the case (b) leads to 


eq. (1). 


In principle, the diffusion constants « and %e can 
be determined experimentally by measuring the 
local conductivity o(x) = n(x)e(u,*+-p.*) as a 
function of x by means of probes. From the same 
experiment one can also deduce the ratio of the 
0; if ae <a 
we find for 


two contributions to (12) at x 
which is generally the case for CdS 
this ratio 


Namb(0) i No | Te No 


9 
Nexc(0) 41" Neg Neg T 


i.e. the ratio of the rates of optical generation of 
electron-hole pairs and excitons. 
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it is also 
in the x- 


cross-section of a 
having sufficiently 
nsions 


(Fig. Oa, see 


H 


However, 


effects near the elec- 


fied the Auth- 
relative increase 


1ensions) a shadow 


troduced (Fig. 6b). 
1, but with the 
as to complicated 
be expressed 

(no exciton 


citons only 


trode 


diffusion 
the 


re- 


+ 


ons 


itations 


various values 


2b on 


log scale 


The resistivity function fe(z) from eq. (14). 





AMBIPOLAR AND EXCITON 


identical with f(z) for p = 0. With large z values 
(i.e. s > 3) fe(z) is approximated by 


(14a) 


If the excitation of the crystal is not uniforrn in 


the directions perpendicular to the x-axis (e.g. if 
the excitation density decreases into the interior of 


the crystal due to strong absorption of the exciting 
radiation), the diffusion equations for a_ two- 
dimensional problem must be solved. In some cases 
the solution can still be obtained by the method of 
separation of variables, e.g. for the case of very 
strong absorption of the exciting radiation; how- 
ever, the dependence of the measurable quantities 
upon the parameters under investigation cannot be 
corroborated easily, because it appears in the form 
of nontabulated integrals. Therefore these cal- 
culations will not be given here. 


2.2. The application of the general equations (8) 
and (9) to the theory of the P.E.M. effect will now 
be outlined (see Fig. 3). The ambipolar particle- 
diffusion current j(x) in the x-direction will, under 


lllumination 











. Set-up for P.E.M. measurements 


the influence of the magnetic induction field B, 
cause an electric current density in the y-direction, 
which is given by 

(15 


e(4y* +15") Bj (x). ) 


current J. 
obtained 


1,,(x) 


flowing between the two 
bt, (x) 


The total 
electrodes by integrating 


d. Thus 


i,=6 | 7, dx 


0 


is 


between x 0 and x 
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d 
€(p4y*+p9*) Bb | 7 dx 


0 


— e(u,*+p.*)BDb [ (dn dx)dx 


e(p44* +p.*)DBb n(0), (16) 
if we assume that the thickness d of the sample is 
much larger than both the diffusion lengths /,, 


and /p.. 


In order to find n(0), we have to solve the diffusion 


equations for a semi-infinite volume with the proper 
boundary conditions at the boundary plane. If we assume 
that the light the and the 
electron-hole pairs penetrates the crystal only over a 


distance small with respect to the diffusion lengths, these 


which generates excitons 


boundary conditions are given by 


j(0) = F, je(0) = Fe, (17) 
in which F and F are total generation rates per cm? of 
pairs and excitons respectively. With conditions (17) we 


obtain the following solution for the pair concentration 


nN: 
Pes 
te"Fe 
(he 


D(a?— ae?) 


Le 
(18a) 


| 
No (#4 
4D 


Introducing this result into eq. (16) and putting F 


I+ he 


being the total number of ex- 


pfibl, F. (1—p)f/bl, f 


citations per sec and p the fraction of these excitations 


which gives rise to pairs, we are left with 
B 


he | 


p+(1—p) 
r+ rel 


x] | 


fe(uy* +12") 


lp+plp, 
lp+lp. 


lp . 

feB(puy* +p9*) (19) 
l 
For p = 1 (pure ambipolar diffusion) we get the 
simple P.E.M.-equation (4). With mixed photo- 
diffusion, however, the saturation current /, is 
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| 


decreased by a factor approximately equal to p 


for CdS. Thus, if one 


diffusion 


since in general /p, > /) 
calculates the 
P.E.M. experiments with the help of eq. (4), one 
obtains a fraction of the smaller diffusion length 


effective length from 


| ,, whereas from experiments with a partly illum- 


1 crystal essentially the larger diffusion length 


MEASUREMENTS 

our investigations we used plate- 

1 CdS single crystals (length 3-10 mm, width 
nm, thickness 100-—300u) prepared by Dr. J. 
} 


LSMAN of this laboratory, some of which were 


ted on others 


Ago and Cl (3.10-4 at/mol Ag) while 


€ d below 


purpose (“‘unactivated”’), 


Was 


] ] ’ 
ated sample L menti 


n 
t our disposal by Dr. J. Lams of Naval 


ab., U.S.A. (hexagonal rod-shaped, 
1 mm, length =~ 7 mm). Ohmi 


used consisting of an In-Hg paste. 


W he n 


1 
iinear 


using 


with 


The ohmic characteristics of the photocurrent are 


shown in Fig. 4. Sometimes at high voltages 
(= 100 volts) the characteristic tended to become 
nonlinear. With partial illumination the character- 


istic can become superlinear with voltage already 


AND W. 
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at lower voltages (e.g. more than 10 volts), With 
our diffusion measurements we kept the voltage 
sufficiently low to have a linear characteristic also 
in this case. The dependence of photocurrent on 
the intensity of excitation was nearly linear in the 
case of nonactivated crystals, tending to a sub- 
linearity at very high excitation densities; the Ag- 
activated crystals were superlinear with low ex- 
citation densities. They had a linear range with a 
moderate excitation and were sublinear with very 
densities (see Fig. 5). For the 


high excitation 


Fic. 5. Photocurrent as a function of excitation density 


an Ag-activated crystal 


diffusion experiments the excitation density was 
chosen such that we were operating well within 
the linear range. Highly insulating crystals were 
used, so that the dark conductivity could be neg- 
lected, or, if necessary, only small corrections had 
to be applied. Since the photo-conduction pro- 
perties of the crystals proved to be dependent on 
the atmospheric conditions (e.g. moisture) the 
condition of the CdS surface was stabilized by 
covering the crystal by a thin layer of paraffin oil, 
by passing a stream of dry air over it, or by measur- 
ing in vacuo. 

We started our diffusion measurement with an 
electrode-arrangement similar to that of AUTH and 
NIEKISCH®) (see Fig. 6a). However, as we have 
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Movable shadow 








—< - l 


a, Auth-Niekisch—- arrangement 


Excitation 








b,Modified arrangement 


Two different arrangements for studying the 
nonilluminated region from 


Fic. 6. 
photo-diffusion 
measurement of the resistivity: 


into a 


(a) arrangement as proposed by AUTH and NIEKISCH'*) 


(b) modified arrangement by which edge effects near the 
electrodes are eliminated 


mentioned already, with this arrangement electrode 
and edge effects play a considerable role, which 
makes it difficult to interpret the experimental 
results. ‘hese effects are clearly demonstrated in 
Figs. 7 and 8 where the photo-current with local 
excitation (A = 4360 A, 12.10-*° watts/cm?) is 
given as a function of the position of a line of 
shadow (width 0:25 mm) and of a line of light 
(width 0-2 mm). The sharp peaks accompanied by 


dips in the curves at both ends clearly show a large 
additional effect of illumination of the electrode- 


Fic. 7. Photocurrent 7,,, as a function of the position x of 
a shadow line of constant width = 0:25 mm. 
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Photocurrent 7, as a function of the position 1 
0:2 mm 


Fic. 8. 
of a line-shaped excitation of constant width 


crystal boundary. For measuring the effect of 
photo-diffusion in a dark region alone, however, 
we can avoid the edge effects by interposing a line 
shadow somewhere in the middle of the inter- 
electrode space.+ We therefore modified the Auth- 
Niekisch method using the arrangement given in 





Fic. 9. Spectral distribution of the fluorescent light from 
an Ag-activated crystal 


+ These measurements showed that even with so- 
called ohmic electrodes the maximum photosensitivity 
need not occur in the middle of the inter-electrode space. 


See also BUTLER and MuscHerp‘®) and Lempickx1.‘!®? 
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b. In order to vary the shadow width we used 
vires of various diameters. This method has 


litional advantage that it is not necessary to 


orry about the exact shape and direction of the 


j 


dge, which in Fig. 6a plays an important 
small values of the shadow width. 


ne of the crystals showed 


} 


a red fluorescence 


‘ig. 9). In order to be sure that the scattering 
1 multiple reflections of this fluorescent light did 
ole in the diffusion of the photo-current 
rds the nonilluminated parts of the crystal we 


1 the crystal with an infra-red source (A 


excited 
7500 A) of much greater intensity than that of the 
crystal fluorescence. No measurable photo-current 
ybserved. The exciting light of 4360 A is so 

the CdS that its 


diffusion through scattering, etc., is negligible. 


Was ( 


absorbed in direct 


] 
strongly 


Several samples were measured with the arrange- 
ment of Fig. 6b. By means of eq. (14) (Fig. 2a) we 
tried to match the experimental points to one of the 

heoretical curves for a single type diffusion (see 


Fig. 10). 


With this match on a log-log scale one 


three different 


(experimental arrangement as in 


theoretical resistivity function 


a single type of diffusion 
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has both from the horizontal shift and from the 
vertical shift a determination of the diffusion con- 
1/x), 
which decreases the arbitrariness of the match. 
When matching in the way we did in Fig. 10 (giving 
most weight to the points with the high z-values), 


stant « (and hence of the diffusion length /,, 


one obtains for most of the Ag-activated samples a 
diffusion length of the order of some tens of 
microns and a p value of the order of 0 5. 

If we tentatively suppose that this diffusion 
length is due to ambipolar diffusion only, one may, 
with the help of eq. (5), make an estimate of the 
depth F, of the hole traps (i.e. the activation energy 
for liberation of holes from the Ag centres) if ?. 
py and N, are known. The life-time 7 of the charge 
photo- 
induced by a of 
For the Ag-activated crystals 7 


carriers can be calculated from _ the 


conductivity known number 
quanta per sec. 
was of the order of 10-* sec. Putting py = py 
200 cm?/V sec, N, = 6. 10!® cm=? and N, 1019 
cm-*, we find for the samples £19-3 and L an E, 
value of 0-13 eV (which is rather low) and for the 
E19-4 sample the still more improbable value of 
0-03eV. This suggests that this diffusion is not a 
pure ambipolar diffusion, a suggestion which is 
supported by the large deviations from the theoret- 
ical curve occurring at low z-values in Fig. 10. 
These deviations mean that at small widths of the 
shadow the conductivity decreases much more 
strongly than should be the case for a single type 
diffusion. 

Further support for the hypothesis of mixed 
diffusion was found by measuring the temperature 
dependence of the diffusion length in sample L. 
Fig. 11 gives the photo-current of the sample (at 
a constant operating voltage) once with overall 
excitation of the inter-electrode region, once with a 
line shadow of 0 27 mm width in the middle of the 
inter-electrode region. Up to about 60°C the photo- 
current under overall illumination shows only a 
slight decrease with increasing temperature,which 
is probably due to a decrease of the mobility ,.;*. 
At temperatures above 70°C there is, however, a 
sharp drop in the photo-conductivity, in accord- 
ance with the SCHON-KLAsENs model, according 
to which an increase of the thermal liberation of the 
holes from hole traps (i.e. here the Ag centres) 
leads to an increase of the electron-hole recombina- 
tion rate and thus to a quenching of the photo- 
conductivity. This thermal quenching is in accord 
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Sample 











Fic. 11. Temperature dependence of the 
tion, (b) with a shadow 


with a reasonable value of the activation energy of 
the Ag centres (F, about 0-5 eV). In the non- 
illuminated area this decrease in carrier lifetime is, 
however, more than compensated by the increased 
ambipolar diffusion, due to an increase of effective 
hole mobility (see eq. 5). 

At low temperatures the conductivity of the non- 
illuminated part increases strongly with decreasing 
temperature, resulting in a diffusion length of 
about 0-3 mm at —60°C. This increase cannot be 
understood in terms of pure ambipolar diffusion. 
If we assume, however, that at low temperatures 
the large values of the diffusion length are due to 
exciton diffusion we can understand the decrease 
of diffusion length with increasing temperature by 
assuming that the excitons can be thermally ionized 
with a certain thermal activation energy Ee. The 
01 


room 


~ 
~ 


measurements of Fig. 11 give a value of Eo. 
eV. From Fig. 11 
temperature we will, in general, have a combined 
to the 


it is also clear that at 


exciton-ambipolar diffusion giving rise 
deviations in Fig. 10 already referred to. 

Fig. 12 shows the spectral response of the photo- 
illumination and for a 


conduction for overall 


shadow width of 0-27 mm at room temperature. In 





ati ire a 
atu > 


photocurrent (a) with overall illumina- 
width of 0:27 mm. 

accordance with BALKANSKI and Broser‘®) it is 
found that the sensitivity in the diffusion case 
shifted towards the red with respect to that with 
overall illumination. This may be explained by a 
different wavelength dependence of the genera- 
e, the latter increasing relatively 


is 


tion rates g and g 
at longer wavelengths. Since the conductivity in 
the dark part is mainly determined by the excitons 
with their larger diffusion length, the response in 
the diffusion case will be enhanced relatively at 
longer wave lengths. For excitation with wave- 
lengths somewhat longer than that of the absorption 
edge (e.g. A > 5200 A), however, the scattering 
and reflection of the exciting light may simulate an 
enhanced diffusion. ®) (° 

A conclusive answer to the question whether 
exciton diffusion does play a part can be found by 
P.E.M. measurements. With Ag-activated crystals 
the P.E.M. diffusion length obtained from eq. (4) 
was found to be very small (values of the order of 


0-1, or smaller) whilst for unactivated crystals the 
f the 


Fig. 13 gives the P.E.M. voltage 


largest values observed in this way were o 
order of Iy.* 
0-1 py, 


+t We have put ,," 20 cm?/Vsec 
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18°C 
27 mm, when corrected for the 


notrtoc 


4620 A 


mercury lamp of 1 


source (a 
kW, 


magnetic 


illumination with 


a function of 


> 
of an unactivated crystal as a 


tic field strength 

h. Fig. 14 shows the spectral response 
‘.M. voltage. In with 
we find a sharp drop beyond the ab- 


accordanc 4 
SOMMERS"! 
sorption edge. 

If, however, the diffusion length of some of our 
unactivated crystals was measured by the method 
described in section 2.1 remarkably large diffusion 
lengths were found at room temperature. Fig. 15 


ondauctivity 
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(a) with overall illumination; 
Variation 


according to (a) 


A —— > 


Fic. 14. Spectral response of the P voltage for the 


EE 
3 


sample of Fig. 1 


shows the carrier concentration as a function of the 
distance from the illuminated area, as measured on 
such a crystal (sample Ex) according to a method 
proposed by BALKANSsKI and Broser.“®) With not too 
small x-values an exponential dependence is found 
giving a diffusion length ly = 0-5 mm (with this 
arrangement of probe electrodes one may not 
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expect a sharp drop at small x-values). Fig. 16 
shows the spectral response of the sample Ex for 
two different x-values. There is again a small shift 
in the response curve albeit smaller than with the 
sample of Fig. 12. Probably with the sample Ex 
the direct generation of pairs is relatively small. In 
order to make sure that the application of the probe 
electrodes and the passing of a current through 
them do not influence the diffusion mechanism, we 
interposed a second set of probe electrodes between 
the excited regions and the other probes. Neither 
the presence of these probes nor the passing of a 
current through them did influence the con- 
ductivity measured through the latter. 

Since the large value of the diffusion length 
found in this way points to a strong contribution 
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Fic. 15. Extinction of the conductivity as a function of 
the distance to the edge of the illuminated region for two 
unactivated crystals, showing very large diffusion lengths 





Sample Ex 
V=30volts 




















Fic. 16. Spectral response of the photocurrent for sample Ex of Fig. 15: 


(a) illumination at probe-electrodes, (b) illumination at 2 


2:3 mm distance from 


the probes. 


of exciton diffusion we performed P.E.M. measure- 
ments on the same sample. These gave an effective 
diffusion length of the order of 0-1y only. ‘This is a 
conclusive proof that the diffusion length in Fig. 15 
must be attributed to an excitation energy that 
diffuses through the crystal in an electrically 
neutral form. 

In order to obtain more information regarding 
the separate factors De and ve occurring in Lp,, we 
performed measurements of the time lag between 
an exciting light flash and the build up of the 


diffused photo-conduction.+ Preliminary results 
on the sample Ex 1 (having a diffusion length 
lp. 0-7 mm) lead to a drift velocity ve 

(D./re)! ~ 10° cm/sec for excitons in this crystal. 
From this value, combined with the value of /p,, 
we find te ~ 70u sec and De ~ 70 cm*/sec. If 
the latter value represented the ambipolar diffusion 


+ This light flash was produced by a flying-spot 
scanner tube, which has a very short rise and decay 


time. The experimental arrangement was that of Fig. 15 





coefficient this would lead to the improbably large 
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Abstract—This paper considers the effects of electron scattering by acoustical and optical phonons 
as well as electron-hole scattering on the mobility and thermoelectric power of intrinsic InSb. The 
cyclotron resonance mass 0-013 my and the conduction band theory of KANE are used in the calcula- 
tions. An analysis of the pressure experiments permits an heuristic extension of KANE’s theory to 
finite temperatures. Scattering by optical modes via the polar interaction is the dominant mechanism 
determining the mobility between 200 and 500°K. The theoretical mobility agrees closely with 
experiment over the specified temperature range for a reasonable value of the effective ionic charge 
e*. Excellent agreement is also obtained between the theoretical thermoelectric power, which is 
independent of e*, and experiment. The calculations include an extension to the case of non- 
parabolic bands of the transport theory due to HOWARTH and SONDHEIMER, which is necessitated 
by the failure of the relaxation time approximation for polar scattering. Except for small piezoelectric 
effects, not considered here, deformation potential scattering is the dominant mechanism for 
acoustical phonons. This mechanism is negligible for all temperatures. Electron-hole scattering is 
comparable with polar scattering above 500°K, but does not contribute appreciably for lower 


temperatures. 


1. INTRODUCTION 
OnE of the most remarkable properties of the 
compound InSb is the extremely high electron 
mobility, about 65,000 cm?/volt-sec in the purest 
samples, that has been observed at room tempera- 
ture.” From a theoretical point of view, strangely 
enough, it has been difficult to understand the 
reason not for the large magnitude of the mobility, 
but rather why it should be as small as it is. The 
fact that the mobility must be large can be ap- 
preciated qualitatively from the electron effective 
mass m,, = 0-013 m, obtained by cyclotron reson- 
ance experiments.) Pressure experiments) have 
permitted an estimate of the mobility due to 
deformation potential scattering. Keryes®) cal- 
culated a value of the mobility of about 10’ 
cm?/volt-sec at room temperature which is 
much larger than the observed mobility at this 
temperature. Apams“) pointed out that because 


of the small band gap in InSb, (0-23 eV at 0 K) 


t Accounts of this work have been presented at the 
Washington, D.C., 
American 


Semiconductor Symposium in 
24-26 October, 1956 and at the meeting of the 
Physical Secietv in Chicago (Bull. Amer. Phwvs. Soc. Ser. 


II, 1, 332 (1956). 


electron-hole collisions will provide sufficient 
scattering to limit the mobility at high tempera- 
tures. Further, the crystals that have been used in 
the most recent experiments are sufficiently pure 
so that impurity scattering is certainly negligible 
above 200°K. Thus the scattering mechanism 
limiting the mobility at room temperature has not 
yet been established. 

In the present paper we shall discuss those 
scattering mechanisms that may be shown to be 
most important in intrinsic InSb and apply them 
to transport calculations of the mobility and 
thermoelectric power. In order to avoid problems 
arising from crystalline imperfections, we shall 
confine our attention to temperatures above 200 K, 
where the material can be considered intrinsic. 
The electrical properties in this range are almost 
entirely determined by the electrons. The con- 
tribution of the holes may be neglected because the 
larger hole effective mass is at least fourteen times 
greater than the electron effective mass. 

The scattering mechanisms of importance in- 
clude scattering by optical modes via the polar 
interaction, electron-hole scattering, and deforma- 


tion potential scattering. We shall show that the 
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is the only significant one in the tem- 


500° K. It origin- 


o 
tween 200 and 

t that relative displacement of neigh- 
und antimony ions can produce an 


ation. [This effect is unique to com- 


nSb having unlike atoms in a unit 
nium and silicon 

cell are alike 
scattering 
500° K. 


Is In- 


tron-holk 


] 
Cs be 1tOvVW™ 


from the 

to build the 
into the theory. 
uses n k-p 
region of the 

(0). This is the 
cyclotron reson- 
the conduction 
\lso it is prob- 

1 are at a nearby 
6) It is 


1] 


ist how far energetically the valence 


re above the energy at Rk ) 


rh recent estimates‘” suggest the value -015 


Che cyclotron resonance masses for holes® 


loubt 


] 
iSO 1n Gou 


useful to summarize those of 


we shall use in the present 


mutual interactions 


if iil 


the conduction, light mass, and split-off bands 


exactly and considers excited bands as perturba- 


tions. The large curvature (small effective mass) of 
the conduction band minimum is chiefly caused by 
the perturbation theoretical repulsion between it 
and the light mass valence band. This repulsion is 
also responsible for the large deviation from the 
parabolic relation between energy and wave num- 
ber. The spin-orbit splitting is much larger than 
the band gap and may be considered infinite with 
negligible error for electrons having energies less 
than 0-1 e\ conduction band edge. 


Furthermore higher bands can be neglected for 


above the 


this range of energy and to this approximation the 


surfaces of constant energy in k-space are 
spheres. Most significantly, the heavy mass band 
does not interact directly with the three bands 


under discussion. Thus the prevailing uncer- 


tainty in the heavy-mass band structure has 


no bearing on the calculated conduction band 


curvature. 
In the limit of infinite spin-orbit splitting and 
far removed excited states, the formula relating the 


energy E to the wave number is 
(h?k?/2m,)+(1/2)(n—E,), (1) 


where m, is the mass of the free electron and 


(E,?+8k?P?/3) (2) 
P is a matrix element coupling the conduction 
band to the light mass valence band via the k-p 
interaction. At k = 0 the conduction band wave 
function has the symmetry of an s-function around 
each atom under the operations of the tetrahedral 
group, whereas the valence band functions have 
p-symmetry. We shall denote the spatial part of the 
conduction band wave function by S and that of 
the triply degenerate valence band functions by 
X,, Xs, and X,. The spin part of the wave function 
will be written %,, where pu 1 and 2 refer 
respectively to spin up and down. The matrix 


element P is then defined as 


P = —i(h/m)<S|p.|X>, (3) 


where p, is the z-component of the momentum 
operator. P can be related to the experimental 


cyclotron resonance mass by the equation 
P? — (3/4)E,h?(m,—m,,)/mom, (4) 


In addition to the nonparabolic relation between 
the energy of an electron and its wave number that 
prevails for points in the Brillouin zone away from 
k = 0, there is also a modification of the wave 
function of the electron due to the admixture of 
p-function. We may write KANg’s expression for 
the wave function of an electron having wave num- 
ber k and spin uz, propagating in a direction given 
by the polar angles (6, ¢) with respect to the z-axis, 


in the schematic but convenient form 


(1—e7)tS 3 64 (0, d)a,+ 


+e XE 74 (0, 6) Xo, 


where oi (@, 9) and 7, (6, 9) are complex func- 
tions of order unity involving only @ and 9, and 


[(n—E,)/2n]}. (6) 





ELECTRON SCAT" 


The quantity 7 is that defined by equation (2). It is 
seen that e vanishes for k = 0 and that it increases 
with &, It may be considered as a rough measure of 
the amount of p-function that is admixed into the 
total wave function. We shall use this quantity 
later to estimate the effects of admixing on the 
matrix elements for scattering. 

Before proceeding to a discussion of the scat- 
tering mechanisms we shall have to consider the 
problem of how the conduction band curvature is 
modified as a function of temperature. In addition 
we must calculate the density of states and the 
Fermi level of intrinsic InSb taking into account 
the correct non-parabolic conduction band struc- 
ture. These problems are considered in the follow- 
ing two sections. After a discussion of the scatter- 
ing mechanisms we shall treat the transport cal- 
culations for non-parabolic bands, taking full 
account of the fact that the relaxation time approxi- 
mation cannot be used to solve the Boltzmann 
equation in the case of polar scattering. ‘The paper 
will conclude with a presentation and discussion of 
the results for the mobility and thermoelectric 


power. 


2. CONDUCTION BAND STRUCTURE AT FINITE 
TEMPERATURES 

The band gap £, appearing in eq. (1) determines 
the curvature of the conduction band. ‘The inter- 
pretation of eq. (1) is unambiguous at zero absolute 
temperature, when it is clear that EL, should be 
given the value 0-23, the band gap at this tempera- 
ture. At finite temperatures however, one should 
not assume that the value of either the thermal or 
optical gaps is the correct one to use in eq. (1). In 
order to distinguish the band gap to be used in 
connection with eq. (1) from the thermal and 
optical gaps, we shall call this the “effective mass 
band-gap” (since it determines the curvature near 
the bottom of the band) and denote it by the 
symbol E,*. 

Two mechanisms are usually considered in 
determining the change of band gap with tempera- 
ture: lattice dilatation and interaction with the 
phonon field.(*) Even if the electron is but weakly 
coupled to the phonon field, the second mechanism 
produces a change in band gap that is comparable to 
the first.(®) However the change in effective mass 
produced by this interaction is found to be 
negligible when the interaction is small in both 


I 
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polar) and nonpolar®® crystals. ‘The interaction 
with the phonon field may thus be viewed as giving 
rise to a shift of the band with temperature but 
without a change in curvature. As will become clear 
presently, lattice dilatation, the first effect, will 
produce a much larger change in curvature. We 
shall assume that £,* is determined by the lattice 


deduce its 


dilatation and shall value from an 
analysis of the pressure experiments. 

Once E,* is known, it will be possible to obtain 
the Fermi level for intrinsic InSb from the cal- 
culated conduction band structure and the experi- 
mental Hall coefficient™ without any assumptions 


concerning the still doubtful valence band struc- 


ture. 
Before proceeding to the analysis of the pressure 


experiments, it is necessary to give tractable for- 
mulas for the density of states and carrier density 
in the nonparabolic conduction band. The density 
of states (without including spin) for a small region 
of energy dE and angular sector in k-space d{2 is 


given by 


p dQ = (V/87*)k?(dk/dE) d&2 


for both parabolic and nonparabolic bands. Here 
V is the crystalline volume. A complicated exact 
expression for p may be worked out using eq. (1). A 
more tractable expression is obtained by using the 
fact that jp = m,/m,) = 0-013 is much smaller than 
unity as the basis for an expansion in powers of p. 


To first order in x one finds 


p dQ = (2E,*)'Vm,3/2A(é) dQ) 8h’, (7) 


where 
x [1+ (2—5p)E—8yE*] 


& = E/E". 


If the conduction band were parabolic, A(&) 

1/2. The density of states for a parabolic band 
having m,, = 0-013m, and the actual nonparabolic 
band is shown in Fig. 1. The difference between 
these curves is noticeable already at room tempera- 
ture. At this temperature there is a significant 
number of electrons more than 2K7(= 0-05 eV) 
above the band edge. Assuming F,* 0-20 eV, we 


obtain € = 0-25. For this value of & the parabolic 
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Fic. 1. A(€), proportional to the of states in the 


conduct , proportional to energy eq. (9), 


for the lated non-parabolic conduction band struc- 


ture at ( and also for a parabolic band with mass 


0-013 m. The approximate expression for A(é), given by 


- * + x wr ’ - ] 
eq S), aS well as he exact expression are plotted 


and nonparabolic densities of states differ by more 
than 50 per cent. At higher temperatures this 
difference becomes far more pronounced since the 
electron distribution function extends further into 
the band and £,,* is smaller. In Fig. 1 there is also 
shown a comparison between the exact and ap- 
proximate expressions for A(&), the latter as given 
by eq. (8). The approximation involves a negligible 
error for the energy region above the band edge 
that we shall consider in these calculations. 

In order to derive eq. (7), as well as for later 
application, it is useful to invert eq. (1). To first 


order in pw one finds 


k = (2m, E,*)'s(€)/h (10) 


[é(1+é f). (11) 

For a parabolic conduction band, s(€) E12. 
By use of eq. (7) it is now possible to derive an 
expression for 7, the carrier density in the conduc- 
tion band. We shall use Fermi statistics through- 


out th calculations. The need for this 


€ yresent 
I 
generalization will become apparent when the be- 


behavior of the Fermi level with temperature is 


derived. With the aid of the approximation 


F.(z)+(1/2)6*F,4 


one finds to first order in by, 


Here xz = €/KT where €¢ is the Fermi energy 
defined with respect to the conduction band edge, 
and [* KT/E,*. F,{z) is the Fermi-Dirac 
integral 


“0 yh dy 


Jo O41 


F(z) (14) 


The approximation (12) may be shown to involve 
an error smaller than 10 per cent for temperatures 
below about 600°K. 


We turn now to the calculation of FE, 
results of the pressure experiments. In order to 


* 


using the 


determine E,*, it will also be necessary to assume 
a model for the valence band. It will be seen, 
though, that the method of analysis used here 
produces results that are not very sensitive to the 
particular model chosen. 

The first step in the analysis is the determination 
of a rough value of the thermal band gap. An ap- 
proximate value of the Fermi energy can be ob- 
tained with the help of eq. (13), by using the ex- 
perimental Hall coefficient data of Hrostowski et 
al“) to determine m and assuming F,* = 0-23 eV, 
the band gap at 0°K. We shall make the simplest 
possible assumption concerning the valence band 
and take it to be a single parabolic band with an 
effective mass m 0-18 m,. The evidence for 
choosing this particular value of m, has been re- 
viewed by Kane.©) The light mass band, because of 
its small effective mass, 0-015m,, influences the 


) 


density of states only slightly and can be neglected. 
The carrier density p in the valence band is then 
given by 


) 


(1/2z?)(2m,KT/h?)? *F, ,. 3,1) (15) 


KT/E,(T). E,(T) is the thermal band 
gap. Since z is known, (7) can be determined in 
the intrinsic region from equations (13) and (15) by 
setting m = p. 

The effect on the Hall coefficient of changes in 
the band gap due to compression can now be 
examined. The pressure experiments of LonG®) 
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show that the Hall coefficient increases linearly with 
increasing pressure over a range extending from 0 
to 2000 atmospheres and for temperatures between 
273 and The physical interpretation of 
these data is that the band gap increases with in- 
creasing pressure resulting in fewer carriers and 


355°K. 


hence a larger Hall coefficient. 

We shall now relate theoretically the pressure 
induced increase in band gap AE, to the Hall 
coefficient. This change in band gap will increase 
the thermal and effective mass band gaps by the 
same amount. These gaps at a pressure / are thus 
respectively 


(T, P) 


E,*(T, P) 


E,(T,0)+AE, 
E,*(T,0)+AE,. 


(16) 


We shall assume that the value of the matrix 
element P, defined by eq. (3), is not affected by 
small changes in lattice constant. From eq. (4) it 
then follows that the ratio E,,*/m,, is approximately 
constant. The effective pressure /, 
corresponding to a change gap AE,, 
therefore given by 


mT, ( 


mass at a 
in band 


m,(T, P) ))[1+AF,/E,*(T,0)]. (17) 
The valence band effective mass will be essentially 
independent of pressure, since the closest band 
interacting with the heavy mass band and deter- 
mining its curvature is about 2 eV removed whereas 
the shift in band edge over this range of pressures is 
only of the order of hundredth of volts. 
Because the results of these calculations must be 
related to Long’s data which refer to a p-type 
sample having an impurity concentration N , 
3-26 « 10° cm-?, the Fermi level corresponding to 
various values of AE, was determined from the 
equation n+N , = p. The quantities m and p are 
given by eqs. (13) and (15). For a given value of 
AE,,, the quantities 8, and 8* must be redefined as 
g* = KZ/E.* (7, Pend 6, = AT/EJ{7, P). The 
range of AF, considered in these calculations ex- 
tends between 0 and 0-04 eV, and the values of 
correspond to Li 
297-3. 3 


temperatures consider ‘Ss 


ng 
55 K. 
Once the Fermi level is determined the carrier con- 
centration and the Hall coefficient Ry can be ob- 


conditions, namely 273, 327-3 and 


tained as a function of AZ. The calculated curves 
Ry vs. AE, and Long’s experimental curves Ry 


vs. P were both found to be straight lines for the 
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temperatures considered. By eliminating Ry be- 
tween these sets of curves, one can relate - , to P. 
The results for 273°K are shown in Fig. The 
graph is seen to be a straight line. a slope gives a 
value of (0E,/0P)7 1-53 10-5 eV/atm. The 


J | |T=273 °K 


_ oe ati =1:53x10 °eV/atm 


Se FEA oan “BAAD wees 

ressure 
2. Increase 
temperature T 


AE,,, vs. pressure for a 


273°K. 


Fic. in band gap, 


results for the other temperatures were found to be 
virtually identical giving the same slope within 3 
The average value of the slope is 


(0E,/0 P)r 


per cent. 


1:55 x10-°eV/atm.T 


The quantity (@E,/0P)r is thermodynamically 
related to (CE ,*/0T) pi) 


(0E,*/T)p— (eV AT) p(aPieV): 


i, (0E,/0P)1 
K \(0E, 0 P) 


— (3x (18) 


where « and « are respectively the coefficient of 
linear expansion and the compressibility. Eq. (18) 
gives the change in band gap with temperature due 
to dilatation. (dF ,* OT) p is the quantity deter- 
mining the effective mass band gap. Experimental 
values of the coefficient of linear expansion and the 
have been given by POTTER. 


(12) 


elastic constants t 


+ It is interesting that the deduced value of (0F,/0P)z 
for InSb is nearly the same as that obtained for the | ba 
gap at k =0 in germanium by FAN, SHEPHERD, and 
Spitzer (Photoconductivity Conference John Wiley and 
New York, 1956) from optical data. 

t The measurements of « were done by P. HIDNERT 
and R. K. Kirsy cf the National Bureau cf Standards 
The author is indebted to Dr. PoTTER for communicating 


his results prior to publication. 


Sons, Inc., 


Values of the elastic 
also been given by 


. PEARSON and H. J. 


constants at room ternperature have 
H. J. McSximin, W. L. Bonn, G. I 


(12) 


HROSTOWSKI. 
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: slightly temperature depend- 
E,*/0T) 
t 
4 r | 
K. The temperature effect changes 


temperature, { 


ut 10 per cent between 200 and 


and gap with tem- 


be compared to 
h temperature as 

RINGTON trom 
2:9 x 10-4 


uc 
to dilatation is 


nSb 


band 


nauction 


(20) 


3. FERMI LEVEL: THERMAL vs. OPTICAL BAND 
GAPS 

‘tained the constants describing 

y given temperature, 

| | 


level in the intrinsic 


t any further recourse to the valence 
by using the experimental values” 

. (13). The Fermi level as a function 
rature is shown in Fig. 3 for two values of 
by eq. (19) 


-quation £ * y (0) 


and also that 


lhe effective 


es of the 
taken at 


ynduction Da 


mass in each case was determined in accordance 
with eq. (20). A comparison of the two curves 
illustrates the relative insensitivity of the Fermi 
energy to small errors in the determination of 
(CE,*/0T)». The Fermi level is seen to cross the 
conduction band edge at about 350°K. This proves 
the point made earlier, that it is necessary to use 
Fermi statistics even at room temperature. 

In order to test the reliability of the values of the 
effective mass band gap determined in the preced- 
ing section, it is important to investigate the as- 
sumption used in the calculations that the valence 
band is parabolic with effective mass 0-18mp, and 
whether E,,* depends sensitively on the particular 
chosen model of the valence band, For this purpose 
it is interesting to compare values of the optical 
band gap with the calculated thermal gap. ROBERTS 
and QUARRINGTON®*) have measured the funda- 
mental optical absorption for temperatures ranging 
between 20°K and room temperature, and have 
given an analysis of their data based on the assump- 
tion that the maximum of the valence band and the 
minimum of the conduction band are located at 
different points in k-space. Their results for the 
band gap are given in Fig. 4. The two curves 


Fic. 4. The optical band gaps, obtained from analyses 
assuming respectively direct and indirect transitions, and 
the thermal band temperature. The indirect 


transitions analysis is due to ROBERTS and QUARRINGTON. 


gap, VS 


shown correspond to slightly different methods of 
analysis. The difference between them is unimport- 
ant for our purposes. If we take the point of view, 
consistent with the assumption of a simple parabolic 
valence band, that the maximum of the valence 
band is also at k = 0, then we should analyse the 
data of ROBERTS and QUARRINGTON on the basis of 
direct transitions. Symmetry arguments show that 
such the 
duction bands are indeed possible. The dependence 


transitions between valence and con- 


of the absorption constant for direct transitions 
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on photon energy /iw is expressed by the relation- 
ship 


aco (hw—E,)* hw 


where E, is the optical band gap. The factor 
(iw —E,) comes from the density of states. Since 
the data analysed pertains to an energy region very 
close to the band edge, where € < 1, it is permis- 
sible to use the parabolic approximation for the 
density of states, as we have done here. If the 
quantity (/iwx)? is plotted as a function of iw and 
the straight line portion of the graph extrapolated 
to the abscissa, the point of intersection corres- 
ponds to the optical band gap. The analysis of the 
298°K data is shown in Fig. 5. The optical band 


8} 


m 
~O16 


Fic. 5. Direct transitions analysis of the data of ROBERTS 

and QUARRINGTON corresponding to 298°K. The inter- 

section of the dotted line with the abscissa corresponds to 
the optical band gap £,. 


gap is seen to have the value 0-18 eV. Even though 
the extrema of the valence and conduction bands 
may be at the same point in k-space it is of course 
still possible to have indirect transitions, for in- 
stance due to the simultaneous absorption of a 
photon and an optical phonon. The indirect tran- 
sitions correspond to the low energy tail of the 
absorption curve shown in Fig. 5. The results for 
the direct transitions optical band gap are re- 
presented by the dashed line on Fig. 4. 

By using the computed Fermi level, the effective 
mass band gap and m,, = 0-18, we can determine 
the thermal band gap from a solution of the equa- 


tion n =p. The quantities m and p are those 
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defined by Eqs. (13) and (15). The results are 
shown as a function of temperature in Fig. 4. 

A comparison of the results given in Fig. 4 
shows that whereas the difference between the 
direct and indirect transition optical band gaps is 
not very large, the difference between optical and 
thermal gaps is about 0-03 eV at 300°K. No 
significance should be placed on the apparently 
different temperature dependence of optical and 
thermal gaps since the temperature regions for 
which the two gaps have been determined overlap 
only between 200 and 300°K. 

It is difficult to understand why the optical and 
thermal gaps should be so different if the valence 
band has the structure that was assumed in these 
calculations. An inherent difference between the 
two gaps has been pointed out by JAMes and 
Brooks.) It arises from the fact that for thermal 
transitions between bands the phonon distribution 
in the final state has time to achieve equilibrium 
whereas for optical transitions it does not. The 
results show that the thermal and optical band 
gaps agree to first order in the interaction energy 
between electrons and phonons measured in units 
of the photon energy. Assuming that the dominant 
interaction of electrons in InSb is with optical 
modes via the polar interaction (cf. section 4 of this 
paper), one can show that this quantity is less than 
0-01, and that the difference between the gaps due 
to this effect must therefore be less than 10-4 eV. 

The discrepancy between optical and thermal 
band gaps therefore suggests that the model of the 
valence band used is inaccurate. The fact that the 
thermal band gap is smaller is consistent with the 
idea that the maximum in the valence bands is not 
at k =). In that case vertical optical transitions 
would be expected to be associated with a larger 
band gap than thermal transitions. An analysis of 
the thermal band gap, assuming that the maxima 
are 0-015 eV above the energy associated with 
k =0 and along (111) axes,‘ would tend to 
reconcile the discrepancy. At low temperatures the 
surfaces of constant energy are eight equivalent 
ellipsoids. By room temperature however these 
surfaces would be extremely complicated for 
maxima of the size just described. 

One might ask what effective mass should be 
associated with a parabolic valence band in order 
to produce agreement between optical and thermal 
gaps. The mass is easily determined if E,* and 
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lis assumed known, by equat- We shall not consider quantitatively the screening 
the optical band effects of the other electrons on the transport 
\t 297°K one _ properties; however we shall show how the matrix 
element is modified in this case and estimate the 
igate whether magnitude of the effect. 
needed for sub- The polarization P arising from the relative dis- 
ippreciably altered placement w, of atoms 1 and 2 in the unit cell 
mass were labeled g may be expressed in the form 
pressure data Pp 
shows that the 
y by approxi- where wv, is the volume of the unit cell, w, 
s therefore Uo, u,; being the displacement of atom2 : 
Eq. (22) represents the most general expression 
presentsevidence thatthe for the polarization to first order in the fields 
ss that has been and displacement and holds for both rigid and 
alence band may deformable ions. ‘This may be demonstrated with 
the density the help of the macroscopic equations given by 
nperature. Born and Huanc.“* These equations are useful 
ult needed also in identifying the quantity e* which represents 
on the aneffective ionic charge, as a function of the dielec- 
rather in- tric constants e, and e, for zero and infinite 
The rea- frequencies respectively. One finds 
rmined (e*)? = (Mwy?v,/47)(¢ L_¢,—1). (23) 
valence ( ? 
at zero. where MW is the reduced mass (M-! M," 
M.~), and wy is the longitudinal fundamental 
optical frequency. The effective ionic charge 


defined by eq. (23) was first introduced by 


4. POLAR SCATTERING 


liscussion Of electron scatteringin Car_EN.@® Another effective ionic charge intro- 
ration of polar scattering, the duced by Szicet1,“*) can be interpreted as giving 


trir 


e intrinsic a measure of the deviations of the crystal from ideal 
ir scattering” heteropolar behavior. These deviations arise from 
heir the distortion of the charge cloud surrounding any 
| branch of particular nucleus due to overlap with nearest 
the crystal neighbors and other effects concerned with the 
not alike. = mix roscopic neighborhood of this atom. Denoting 
the charges of CALLEN and SziGeTI by e,* and ¢ 
respectively, one finds the relationship 


2)] 


+4)] 
It is seen that the two charges are the same only 
in the limit of rigid ions when « 1. It should be 


emphasized that it is ¢ that must be used in 
connection with polar scattering. 
SPITZER and Fan“) have estimated €, 
from infra-red absorption data and find e,* 
0-34, using the value « 16. The corresponding 
(21) effective charge to be inserted into eq. (22) would 
be e,” 0-13. Similar results have also been 


umber of unit cells in volume V. obtained by YosHtNnaGa and OkETyEN. @ 
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The Hamiltonian describing the interaction of 
one electron at position r with the dipoles located 
at positions R, arising from the relative displace- 
ment of the two atoms in the unit cell g is 


where 

D(r) = —e(r—R,)/|r—R,|* (25) 
is the field due to the electron. It is noteworthy 
that H/ vanishes for Only 
longitudinal optical modes are coupled to elec- 


transverse modes. 
trons by the polar interaction. Upon quantizing 
the phonon field in the usual manner and in- 
troducing the electron wave function (21), one can 
show that the matrix element for scattering an 
electron from state k to k’ due to emission or ab- 


sorption of an optical phonon is 


4-71ee* h 
2MG%w, 


‘ (26) 
dry, r)XAT), 
) 


where the upper quantities refer to absorption and 
the lower to emission. The integral extends over 
the unit cell. The symbol g denotes the phonon 


wave number and 
n = (e?/T~1)-1, 


is the number of phonons having energy ho, 

K@© in the field at temperature 7. The phonon 
energy will be assumed independent of g. The 
justification of this assumption rests on the fact 
that the optical branch of the frequency spectrum 
has zero slope at gq = 0, and that only phonons 
having small g can interact with electrons in semi- 
conductors. The expression (26) for //,’, differs 
from that given in previous treatments in the ap- 
pearance of the factor Jo Xx’*x, dt which reflects 
the fact that we have taken account of the effect 
of the periodic lattice on the electron. ‘The presence 
of the integral however does not alter the result for 
the transition probability of scattering for wave 
functions having s-symmetry, provided the ad- 
mixture of p-function for points in the Brillouin 
zone away from k = 0 is neglected. The reason for 
this is that s-functions are spatially isotropic and 
that the interaction does not depend on spin. The 
explicit dependence of the transition probability on 
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the wave functions x;,, and y;,’,’ defined by eq. (5) 
is expressed by the multiplicative factor 


(1/2) ZX] foxnw(r)xxu(r) ar|? (27) 


bh 
When the p-function admixture is neglected, i.e. 
0), the sum is unity. The result is there- 
dz had been 


when « 
fore the same as if the factor fy y;’x; 
omitted altogether from eq. (26). The approxima- 
tion of setting « 0) will be made for reasons of 
simplicity. However the more general result (26) 
will prove useful in an estimate, to be discussed 
later, of the error involved in making this approxi- 
mation. 

A further generalization of the matrix element 
given by eq. (26) must be considered in the case of 
InSb where the small band gap leads to a con- 
siderable number of thermally excited electrons in 
room temperature. As 
>» 16) of the 


the conduction band at 
already pointed out, past treatments 
electron-phonon interaction for polar crystals have 
always assumed the presence of only one electron in 
the phonon field, a situation that is actually realized 
in the alkali halides. Here however we must con- 
sider the screening effect of other electrons in the 
conduction band on the matrix element for scatter- 
ing. For this purpose it is simpler to derive the 
interaction Hamiltonian directly from Poisson’s 
equation. ‘The potential ¢ in which the electron 
moves is here obtained as a solution of 
47( : P— 8p €) 

where - P is the polarization charge associated 
with the dipoles and ép/e is the charge arising from 
the other electrons, modified by the dielectric 
constant «. The treatment of the quantity 6p/e in 
relating it to the potential ¢ is identical with that 
used in the case of charged impurity scattering or 
electron hole scattering to be considered in the 


following section. It is found that 


—“@"@ 


477 5p/¢ 


where a? is defined by eq. (52) of the next section. 
In the limit of parabolic bands and Boltzmann 
statistics a becomes the reciprocal Debye screening 
length. The solution of PoIsson’s equation and the 
subsequent calculation of the matrix element for 
scattering shows that eq. (26) is modified in that 
the factor 1/g is replaced by q/(q?+-a?). ‘Thus the 
correction due to screening will be unimportant 
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ide of g involved in 
will depend both on the 
as on the angle 


r an electron at 


will reduce 


1 
the electron 


1somewnat 


InSb, showing that it is 


\ 
aS a Weak 
f polar 


nis discussion Of the fT 


inter- 
remen bered that electrons can 
7 a non- 
to be im- 
the temperature dependence 
ng mobility of holes in german- 
oteworthy that the matrix element 
the nonpolar 


trons have wave functions of s-symmetry 


interaction in the case 


re. Thus it is only the polar interaction 


uples electrons to optical modes in InSb. 


U ¢ I 
The transport theory for the polar interaction 1s 

| 

i 


omplicated by the fact that the relaxation time 


ical phonon is comparable to that of an 
electron at The Boltzmann 
equation was first treated correctly for this inter- 
ction by HowarTH and SONDHEIMER.4)+ Their 


an opti l 


room temperature. 


a 


interaction Hamiltonian used in this reference 
is less general, in that it is assumed that e* = e 


+ The 


treatment applies to a simple parabolic band and 
spherical surfaces of constant energy in k-space. It 
is shown that the Boltzmann equation, which re- 
duces to a simple algebraic equation in cases when 
the relaxation time approximation holds, becomes 
a linear difference equation. The equation is 
solved approximately using the variational prin- 
ciple introduced by Kou.er.(*°) 

We shall generalize the results of HowaRTH and 
SONDHEIMER in order that they may be applied to a 
nonparabolic conduction band. The mathematical 
development follows closely that given in refer- 
ence 24 so that we shall need to present only an 
outline of the calculation. Wherever possible, the 
notation used will be so chosen that it corresponds 
in the parabolic limit to the quantities introduced 


in refe rence 24. 


Following HOWARTH and SONDHEIMER we postulate a 


] + + ? tory , Ps 
soiution ne Bolt: I inn equation 


fy—hke(E)f,’ cos 8 (28) 
he perturbed and un- 
(df,/dE), and @ 


on propagation vector 


listribution functions, fo 


tween the elect: 
ric field & or temperature and concentration 


s all of which we shall ass > to be along the 


praaien 


x-direction. With the help of eq. (25) the collision term 


of the Boltzmann equation may De Lown to be 


(of Ot) 


(29) 


—[4n(ee ¥ 2m, fy, COS? h?Mz wAsE,* Lie ) 


ire defined by eqs. (8) and (11), and 


\(n+1)(ciRi—cSi)+ 


0 


(f/f 


f,)nh (c_R_—cS )} 


f SiS 
AAs log 


The subscripts + and indicate that the functions 
fz, C+ and Ax, ss are to be evaluated respectively for 
arguments E+K®O and £+K0/E,*. The quantity h- is 
HEAVISIDE’S unit function which vanishes for E < K9@ 
and is unity for E > K9. 

The rate of change of the distribution function due to 


the external fields is 
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(Of/0t)r 
x [Ee+(dl/dx)+(E—£)T-\(dT/dx)]. 


(fo cos 0/h)(dE/dk) x 


(32) 
Putting v w/27, and using eq. (29) we obtain the 
Boltzmann equation in the form 


L(c) = [h2Mv,vE,,**/2s3/2! /2(ee*)2m,,3/2] » 
x [e€+(dt/dx)+(E—0)T-(dT/dx)]. 


(33) 
To separate eq. (33) we shall use the physically more 
direct approach given by KouHLer ) rather than that of 
reference 24. If we define a partial thermodynamic 
potential by the equation 


dG/dx = e&+dl/dx 


then G and TJ are independent thermodynamic variables. 
and ¢ 
troduced to write c(E) in the form 


c(E) = [h?Mv,v/2!/2(ee*)2m,3/?] 
x [(e6 + dl/dx)c%+(dT/dx)T-'c}. 


4 


The independent variables c) 2) may then be in- 
if ; 


(34) 


Eq. (33) thus splits into two independent linear difference 


equations, 
j . #3 /2,3 - 
Lic) = E, - 
( (2) ) *3 /2.3/ Fj _ 7 
Le ) E, s3(E—ZL) = 
To solve these equations we use the variational principle 
already mentioned.‘**) For the present case this principle 


may be stated in the following form: Let % and ¢ be any 
two functions of FE and let 


[ WL(¢)fy’ dE. (36) 


a. 


( us, db ) 


Then of all functions yf satisfying 


(1,0) =[ den(E)fy’ dE 


0 


the solution c!) of eq. (35) is that function ~% which 
maximizes (, #4). The proof of the principle depends on 
the validity of the two conditions 


(xb, $) =(¢,) 

(%, xb) >0. 
These relations may be proved for the present case with 
the help of eqs. (3C) and (36). The variational principle 
can be used to derive an equation whose solutions will 


yield values of the c{), Upon expanding the functions 
ce”) (E) in terms of the complete set 9,(F) (¢ = 0, 1, ...), 


o(E) = ¥ oi4,(E), 


0 


one can show that the desired solutions c;() are obtained 


from the algebraic equations 


where 


x [(e6+dl/dx) & ¢MPa,O+ 
2 0 


(40) 


+7—(dT/dx) y al Pad B 


With the aid of eq. (37) and some theorems from the 
theory of determinants‘?®) 
it can be shown that 


where 





EHRENREICH 


infinite series 2 appearing in this equation are retained. 


is defined similarly to Pan”. 


|) : 
and thermoelectric power Q are then 


In their treatment of the simpler band _ structure, 
HowartH and SONDHEIMER show that to better than 20 


(2Mz 32 hie aid SP 


(42) per cent accuracy it 1s sufficient to truncate the series 

Bee is bY) me e..). after the first term. Estimates of the correction terms 
arising in the present theory confirm this view. 

hat can be We shall now present the explicit formulas for the 

the case N 1 which will be used to evaluate the mobility 

the and thermoelectric power. Putting Sj 0 ‘ie we define 


N terms of the the quantities G,(z, $) and G,(z, 0) as follows: 


(KT)*(e®—1)G,(2z,9) 


—{+KTG,(z,9 


PD t(E OP Dog —2(0 OP 


a ae 


(46) 
(47) 


—(K e)(G,—=) (48) 


D;. reduce to those defined in ref. 24 in the limit of 
parabolic bands. In the same way our quantities «,(”) and 
(48) to correspond I, become respectively « 3/2) and (m+i1+3/2) 
he average energy of F, 1/2(2) in the notation of ref. 24 
to the band edge in 
is defined with respect 
The numerical results for the mobility p 
>in ref. 24it may ©@/e and the thermoelectric power will be pre- 
sented and discussed in section 6. 
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5. ACOUSTIC MODE AND ELECTRON-HOLE 
SCATTERING 

Since the relaxation time approximation can be 
used in the transport theory involving acoustic 
mode and electron-hole scattering, both processes 
may be treated at the same time. 

We begin with a discussion of acoustic mode 
scattering, considering only that part of the inter- 
action Hamiltonian that does not depend on the 
polar character of the material. In InSb, acoustic 
vibrations also give rise to an electric polarization 
resulting in piezoelectric scattering. ‘Uhis mechan- 
ism has been considered by MEIJER and PoLpER®” 
and also by Harrison.) Assuming that the 
piezoelectric constant is as large as that of ZnS, 
HarrisOn’s results lead to a mobility of 10°, 
cm?/volt-sec at room temperature, showing that 
this effect can be neglected in InSb. 

A systematic analysis of the nonpolar scattering 
of electrons by acoustical phonons in InSb similar 
to that given by EHRENREICH and OVERHAUSER(”) 
for p-type germanium has been carried out. Using 
the wave functions defined by eq. (5), one is led to 


the following conclusions: 


1. The matrix element for scattering involves 
terms independent of ¢ as well as terms pro- 
portional to « and e?. 

2. The terms that are independent of « may be 
identified with the matrix element for deformation 
potential scattering®®) provided the acoustical 
coupling constant C, defined in ref. 23 is properly 
related to the deformation potential constant E,. 

3. The terms proportional to ¢ and &? arise be- 
cause the strong interaction between the light mass 
valence band and the conduction band mixes an 
appreciable amount of wave function having p- 
symmetry into the total wave function. ‘These 
terms are not contained in the theory given in 
ref. 29 which applies only to carriers in states very 
close to the band edge. 

4. Provided that « < 1, the dominant term in the 
matrix element H,,’, for scattering an electron from 
state k to k’ is that given by deformation potential 
theory: 


|H,,|2 (49) 


} 
KK 


| E,KT/puz?V, 
where uw, is the longitudinal sound velocity and 
p is the density of the crystal. 

We shall consider quantitatively only the scatter- 


InSb 


ing arising from eq. (49). The error arising from the 
neglect of the terms of order ¢ will be estimated 
later. 

The deformation potential constant F, is ob- 
tained as a by-product of the analysis of the pres- 
sure experiments given in section 2. The energy 
E, is defined as the energy shift per unit dilatation 
of the conduction band edge. From the pressure 
experiments we can only obtain the change in 
band gap per unit dilatation but not the shift of 
the conduction band edge alone. The change in 
FE,” ol 


the shift of conduction and valence bands, is 


(OE, /0P)r(0PiaV)rV 


band gap, expressed as the difference £, 


E,—E,' 


(50) 


~—ey, 


\(0E,/aP)r. 


Using the value of (CE,/¢ P)7 obtained in section 
2 and the experimentally determined compres- 


sibility, we find 


EE, ' 


I 


It is probably justified to assume that £, > £,”. 
This assertion rests on the fact®® that in passing 
down column IV of the Periodic Table from dia- 
mond to grey tin, the conduction band minimum 
at the center of the Brillouin zone, which corres- 
ponds to the lower conduction band edge in InSb, 
moves much more rapidly than other extrema. It 
therefore appears that the conduction band mini- 
mum is much more sensitive to perturbations like 
dilatation than the valence band maximum. If this 
is assumed then we may take F, 7:2 eV. If it 
should turn out that the valence band maximum 
also moves appreciably, but in a direction opposite 
to the conduction band shift, then the preceding 
estimate represents an upper limit. The scattering 
would thus be over-estimated and the calculated 
mobility would correspond to a lower limit. 
Turning now to electron-hole scattering, we 
note that since the heavy hole mass is at least 14 
times larger than the electron mass, the positive 
charge center may be regarded as fixed during a 
scattering process. The theory of electron-hole 
scattering is thus identical with that of charged 
impurity We must however 
generalize existent treatments to take account of 


scattering, (1. 32) 


the nonparabolic nature of the conduction band. 
Also, to estimate the error involved in neglecting 
the admixture of p-function in the conduction 
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nust use the wave function defined by 

in computing the matrix element. Intro- 

duction of the screened potential 
the between an 
electron at position r and a hole at the origin of a 


coulomb 


ea to describe interaction 


given co-ordinate system, yields the following 


expression for the matrix element: 


, 
"ic constant and 


)is deduced using the carrier concentration 
by eq. (13). Inthe limit of Boltzmann statistics 
bolic bands a reduces to the reciprocal 
eening length and H,.”,, becomes, for the 
natrix element first derived 
HERRING. 


ana 


is the 
j 


considered. 


ransport theory 
processes just 
the « xpressions for the 
keeping the form of 
ribution function 

I 


, , 
of states defined by 


lision term of the Boltzmann equation can 


4-2 /A\(ke(E))-) “Po 


COs 0. 


the angle between the fields assumed 


x-direction and the vector Rk, and 


(54) 


[ |H.-.(x)}2(1—x) dx, 


between & and k’. 


(32) 


where x = cos # and @ is the angle 


The field term is that given by eq The solution of 
the Boltzmann equation leads to the following expression 


for the current: 
—(4ehE,* /3am,,V)[(e6+dl/dx)I,+ 
+ K(dT/dx)(1,—2I)] 


) 


H?)(s4/A?)(dfy/dy) d) (56) 


and y = E/KT, 2z 


mobility and thermoelectric power are respectively 


uw = —(4ehE,*/32m,Vn)I, 


{/KT. The expressions for the 


i 


(57) 


O = —(K/e)[(1,/I,)—2]. (58) 


In the case of deformation potential scattering, 
(59) 


the matrix element being given by eq. (49). For electron- 
hole scattering one finds 
}{? = (n/V)(ae*h?/em,E,*)*s—* x 
) 9 > ¢ > 9 D 
; [log( 1 + 45?/A?)—(45?/A?)(1+4s? A?) ] 

(60) 
by using eq. (51) and neglecting the p-function ad- 
mixture in eq. (5) so that eq. (27) applies. The quantity 
ji?a?/2m,E,*. In evaluating the 
integral J, to obtain an expression for the mobility, it has 
been the ; 


A is defined as A? 


practice'*!) in the case of parabolic bands and 
Boltzmann statistics to consider the factor of eq. (60) in 
square brackets as a slowly varying function of energy 
and remove it trom the integral. Since it is necessary to 
perform the integration indicated by eq. (56) numerically 
in the present case, we have not made this approximation 
in obtaining the results which will be presented in the 
followings 


gp section 


For the simple and familiar case just 
mentioned, eq. (57) reduces to the well-known T~-*/? law 
for deformation potential scattering and the Brooks- 
Herring formula for electron-hcle scattering. The trans- 
port term (J/,//)) appearing in eq. (58) assumes respect- 
ively the values 2 and 4 in these two cases. f 
6. RESULTS AND DISCUSSION 

This section will be devoted to a presentation 
and discussion of the numerical results for the 
mobility and thermoelectric power. Numerical 
values of the mobility and thermoelectric power 
can be calculated from eqs. (47) and (48) for polar 
scattering, and from eqs. (57)-(60) for deformation 
potential and electron hole scattering. First, how- 
ever, the parameters appearing in these equations 
must be assigned their proper values. In the case 
of polar scattering, the fundamental longitudinal 
optical frequency v, the reduced mass M, the 

* 


, and the volume of the 
must be known. The longitudinal 


effective ionic charge ¢ 
cell vw, 
optical frequency is determined from the experi- 
mental reststrahlen the 


unit 
frequency®® v, and 

Jonized impurity scattering and non-polar optical 
mode scattering, in the relaxation time approximation 


for non-parabolic bands have been recently considered 


by R. Barrie (Proc. Phys. Soc. B69, 553 (1956)). 
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relationship v = (e,/e,,)'v, This frequency is 
v = 6-0 10"" sec! and corresponds to a tem- 
perature © = 290°K. The reduced mass is M 
0-99 x 10-22 gm. The volume of the unit cell is 
, 6°48 > 
10-8 cm. Rather than computing « the 
estimate of the static dielectric constant «, given 
by Spirzer and Fan,@®) we shall determine it by 
matching the experimental and calculated mobil- 


v a®/4, where the lattice constant a 


from 


ities at 200°K. For electron-hole scattering the 
dielectric constant appearing in the mobility will 
be taken to be « = 16. In the formulas involving 
deformation potential scattering the longitudinal 
sound velocity, u; = 3:7 10° cm/sec., is deter- 
mined from a weighted average of the sound 
velocities in the three principal cubic directions. 
constant is E£, 


The deformation potential 
-7:2 eV as shown in section 5, and the density is 
5. 


79 gm/cm?, 
It was already pointed out that the temperature 
range over which these calculations are valid is 


p 


bounded at the lower end at 200°K because of the 
onset of extrinsic conduction for temperatures 
below this value. The upper limit of the range of 
validity is determined by the characteristic electron 
energy corresponding to a given temperature for 
which the amount of p-function admixed into the 
total wave function becomes appreciable, and also 
by the carrier concentration for which it is no 
longer legitimate to neglect the correction of the 
matrix element, due to screening, given by eq. 
(26). 

When the p-function admixture becomes large, 
the values of the matrix elements used in the 
numerical calculations are unreliable. ‘The para- 
meter € appearing in eq. (5) is a measure of the size 
of this effect. From the matrix elements for polar 
and electron-hole scattering given respectively by 
eqs. (26) and (51) and symmetry arguments ap- 
propriate to the InSb lattice, it is evident that the 
correction term appearing in the matrix element 
and transition probability due to p-function ad- 
mixture is proportional to e*. For deformation 
potential scattering, on the other hand, the cor- 
rection term is proportional to «. If the matrix 
element, in general, is written in the form 


Hy, = Hy O +H y+ AH y+ ... 


and the reasonable assumption is made that all 
H,’,, are of the same magnitude, with the excep- 
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tion that H;,”;,% 
scattering, then the values of « and ¢ respectively 
associated with a given electron will give an esti- 
mate of the error involved in neglecting the p- 
function admixture in the appropriate scattering 
mechanism. The behavior of ¢ and e? as a function 
of temperature is shown in Fig. 6 for an electron 
having the Fermi energy ¢ after the Fermi level 
has crossed the conduction band, as well as for an 
electron having an energy €+2KT7. The latter 
energy is characteristic of the tail of the distribution 
', of the 
number having the Fermi energy. It is seen from 


0 for electron-hole and polar 


where the number of electrons is about 


Fig. 6 that an error exceeding 50 per cent is made 


| 
Temperature rv 
Fic. 6. « and «? as defined by Eq. (6) vs. temperature for 
electrons having respectively the energies (and €+2KT. 
The quantity ¢ is the Fermi energy. 
by neglecting the p-function admixture in the 
matrix element for deformation potential scatter- 
ing above 500°K, whereas the error for correspond- 
ing temperatures is only about 30 per cent in the 
case of polar and electron-hole scattering. At these 
temperatures the neglect of the screening effect in 
the polar interaction due to the presence of other 
electrons in the conduction band is also seen, from 
the discussion in section 4, to produce errors com- 
parable in magnitude to the preceding approxima- 
tion. 

Fig. 7 shows the calculated mobility as a function 
of temperature, for deformation potential, electron- 
hole, and polar scattering, as well as the experi- 
mental curve of Hrostrowski et al.@) The solid 
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puted using the nonparabolic 


+} 
ture characterized by 


dashe d curves correspond 


eqs. 


1 of a parabolic conduction band. 


leforma- 
Solid 

tical non- 
1 lines refer 
band corres- 


rrect Fermi 


redetermined 
ne values used in the non- 


were also en ved here. 


ular interest in 


7) and (48) 


ermoelectric power 


10w that 


depend on the effecti nass only by way of the 


parabolic and nonparabolic 


a 7 
Fermi level ror 
bands. One might therefore suppose that a calcula- 


tion of the mobility, using the correct Fermi level 


case of 


and the experimentally determined carrier con- 
centration but HOWARTH and SONDHEIMER’S results 

contain enough 
band structure to 


for parabolic bands, would 
characteristics of the correct 
yield quantitative results. Fig. 7 shows that this is 
not the case for the mobility. The thermoelectric 
power, on the other hand, is given quite accurately 
by the parabolic theory provided the correct Fermi 
level is used. 

It is seen that the temperature dependence of the 
polar mobility fits the experimental curve ex- 
tremely well in the temperature range 200°K to 
500 K. The magnitude of the mobility is accounted 
for if the effective ionic charge e* is taken to be 
()-18. This choice corresponds to a static dielectric 
constant of 18-9 which is to be compared to 
SPITZER and Fan’s(®) 17:5. 

The calculated results for electron-hole scatter- 
ing show that this mechanism does not compete 
with polar scattering until 500° K and that deforma- 
tion potential scattering is entirely negligible for 
all temperatures. The fact that the calculated polar 
mobility agrees so well with the experimental re- 
sults at 500°K that if 
mobilities due to this mechanism and electron- 
resultant 


would seem to indicate 


hole scattering were combined, the 
mobility would be considerably smaller than the 
experimental value. However, the effect of screen- 
ing by other electrons on the polar interaction, 
which has been neglected in these calculations, was 
seen to reduce its magnitude at these temperatures. 
This would tend to increase the polar mobility 
somewhat in the temperature range where electron- 
hole scattering becomes important. These cal- 
culations are believed to have quantitative signifi- 
cance between 200 and 400 K, where the magni- 
tudes of the experimental and calculated mobilities 
were matched to determine e*. However, above 
400° K the neglect of electron screening in the polar 
interaction, the p-function admixture, and the 
assumption of an infinitely far removed split-off 
valence band together may introduce errors as 
large as 100 per cent. 

The principal reason for the rapid decrease of the 
electron-hole scattering mobility with temperature 
is the exponential increase of the number of holes 
with temperature due to thermal excitation. The 
deformation potential scattering mobility does not 
have the familiar 7-1! dependence because of 
degeneracy. We note that the results for parabolic 
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bands always lie above those for non-parabolic 
bands and that the two curves corresponding to a 
particular scattering mechanism tend to separate 
more with increasing temperature. This is pre- 
dominantly due to the fact that the density of states 
is larger in the nonparabolic band for a given value 
of k and that it increases more rapidly with k than 
the parabolic density of states. 

Proceeding now to a discussion of the thermo- 
electric power, the transport term denoted here by 
A is shown in Fig. 8 as a function of temperature. 
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400 500 600 700 
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Fic. 8. Transport term A, associated with the thermo- 
electric power, vs. temperature for electron-hole, polar, 
and deformation potential scattering 
For polar scattering, A G, by eq. (20) whereas 
for electron-hole and deformation potential scatter- 
ing, A = I,/I, by eq. (58). It was already pointed 
out that in the case of parabolic bands and Boltz- 
mann statistics A is respectively 2 and 4 independ- 
ently of temperature for deformation potential and 
electron-hole scattering. We note that these values 
are not realized even at 200°K where Boltzmann 
statistics are certainly applicable because the tail 
of the electron distribution already occupies an 
appreciably nonparabolic region of the conduction 
band. Above 300°K the transport term correspond- 
ing to these scattering mechanisms becomes 
appreciably temperature dependent primarily be- 
cause of degeneracy. On the other hand, A for polar 
scattering is temperature dependent even in the 
simplest cases as can be seen from Fig. 1 of ref. 24. 
From eq. (20) we note that the transport term and 
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hence the expression for the thermoelectric power 
resulting from polar scattering is independent of 
e*. In this fact lies the advantage of computing the 
thermoelectric the 
absolute. It does not rely on a knowledge of the 


power since calculation is 
static dielectric constant whose value is still some- 
what uncertain. 

The the 
power are shown in Fig. 9 together with the ex- 


calculated values of thermoelectric 


2 


perimental data of Weiss.) These data refer to 


p-type samples for which the thermoelectric power 
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power -4-volt 


Experiment 
(H.Weiss 


Thermoelectric 





Fic. 9. Thermoelectric power vs. reciprocal temperature 

for electron-hole, and deformation potential 

scattering. The dashed curve corresponds to the experi- 
mental data of H. Wess. 


polar 


reverses sign in the extrinsic range. The beginning 
of this trend is seen in the maximum associated 
with the data shown in Fig. 9. This effect is not 
included in the present calculations. The thermo- 
electric power is not a very sensitive indicator of 
the predominant scattering mechanism as is seen 
from the fact that none of the three mechanisms 
gives numerical results that depart from the experi- 
mental data nearly as drastically as they do in the 
case of the mobility. It is seen however that polar 
scattering yields the best fit. The polar thermo- 
electric power has approximately the same tem- 
perature dependence as the experimental data and 
the magnitudes differ by no more than 20 per cent. 
Again, no attempt has been made to combine 
mechanisms. However, it 
suppose that the kink in the 


different scattering 
seems reasonable to 
experimental data at 
electron-hole scattering as an important mechanism. 


500°K is due to the onset of 
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LETTER TO THE EDITORS 


On Dielectric Absorption in Plastic Insulators 


Received 6 February 1957 


EI absorption in insulators is usually 
explained either by the MAxweELL_-WAGNER mech- 


(interfacial polarization), or by Debye’s 
orientational polarization. The following mech- 


understanding of 


uld perhaps add to the 


absorption in homogeneous dielectrics, 


in regarding the connection between 


the time dependence of dielectric and mechanical 


Suppose a solid material exhibiting elastic after- 
polar 


contains charges (ions) or 


groups (e.g. dipoles) firmly attached to complex 
structural elements (e.g. bridged chain molecules 
high polymer). An electric field exerts a pull 

or torsion on polar groups 


ctively. These, in turn exert a stress on the 
structural constituents to which they are attached. 
Elastic strain should result in the same manner as 
under ordinary light mechanical loading of the 
The strain ought to be accompanied by 


The 


the deformation and the polarization should coin- 


1 la ti ti | | 
ric polarization. time daependence of 


cide, since there are not 


two separate processes, 
I 


] 


but only a single molecular process giving rise to 


different manifestations. 
behaviour ¢ 


Investigations of the elastic 


polymers 


energy AF of elastically strained 


have shown? that changes 


| 


1 
lateriail are due 


partly to entropy changes AS, i.e. random re- 
I ; ; 


distribution processes governed by thermal vibra- 
tions, and partly to changes in internal energy AU, 
1 release of potential energy in the 
process of molecular deformation. 


In principle, then, the described model for every 


} j V7 
kind of electrically active groups (ions, dipoles, 


1x 


. ] ] ] . +} 
quadrupoles, etc.) should render two possible 


polarization mechanisms, with AF caused either 

by AU or by 

The cases of bound ions and permanent dipoles 
The I: 


€ 1 
ses has been treated, for example, by 


ea aii 
AS respectively. 


seem greatest practical interest. s 


of these ca 
PONOMAREV. 
} 


The author has 


undertaken 


the relation between the time dependences of the 


measurements oO! 


pronounced elastic and electric after-effects in the 
polyester resin Soredur M-10. The elastic after- 
effect was measured in torsion. A_ cylindrical 
sample was held twisted at a given angle during a 
certain time the after 
release was recorded. The dielectric relaxation was 


interval, and movement 
determined in a similar manner by recording the 
depolarization current in a prismatic sample after 
application of a constant voltage during a certain 
time interval. A marked similarity of the time 
dependence of the two processes could be ob- 


served (Fig. 1, curves 1 and 2). 


Fic. 1 


dielectric absorption 


Time dependence of elastic after-effect (curve 1), 
(curve 2), and photocurrent in 
(curve 3) for Soredur M-10. 


] t 
stress-optical experimen 


Ordinates in arbitrary units. Logarithmic co-ordinates 


With the aim of demonstrating, if possible, a 
direct connection between dielectric polarization 
and elastic deformation of the material, a pris- 
matic sample of Soredur M-10, which exhibits 
strong strain birefringence, was placed in a light 
beam between crossed polaroids. Two electrodes 
were attached to opposite sides of the sample so 
as to permit application of a field perpendicular to 
the direction of light. A photomultiplier with 
amplifier and a galvanometer in series with a 
bucking voltage permitted observation of small 
intensity changes of the light beam transmitted 
by the sample. After connection of a d.c. voltage 
to the electrodes, a galvanometer deflection was 
observed which slowly approached a stable value. 
After 
deflection 
similar to that observed in earlier measurements 


release of the voltage, the galvanometer 


decreased with a time dependence 


150 
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of the elastic after-effect and the dielectric absorp- 
tion in the same material (see curve 3 of Fig. 1). REFERENCES 


This nomenc ‘hic o the knowledge of . , 

Phi phen menon which, ' the “ ledge nf 1. STAVERMAN A. J. and ScHwarz_ F. Linear De- 
the author, has not been described in the literature formation Behaviour of High Polymers, Die 
before, is easily understood on the basis of the Physik der Hochpolymeren Vol. 4, p. 53 ff. Ed 


Springer (1956). 
2. Ponomarev L. T. 7. Techn. Phys. USSR 10, 588 
(1940) 


proposed mechanisms for slow dielectric polariza- 
tion of insulators exhibiting elastic after-effect, 
in particular many high polymers. ‘The pheno- 
menon may, on the other hand, serve as an indi- 
cation of the existence of such mechanisms. 


Research Laboratories, ANDREAS KELEN 
Allménna Svenska Elektriska 

Aktiebolaget, 
Vdsterds, Sweden. 
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ANNOUNCEMENT 


August 20-22, 1957, Northwestern University will hold a 
conference on Liguid Scintillation Counting at the Techno- 
logical Institute, Evanston, Illinois. A wide range of topics 
on the theory and application of liquid scintillators is covered 
by invited papers: Coincidence counters, single channel 
counters, chemistry of liquid scintillators, and applications in 
biology and medicine, industry, archaeology, physics, chemis- 
try and engineering. Abstracts of non-solicited papers should 
be sent to the Program Chairman, Dr. F. Newton Hayes, 
Los Alamos, New Mexico, by 1 June, 1957. 
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LE MECANISME DE L’ADSORPTION CHIMIQUE SUR LES METAUX 


GERT EHRLICH 


ON analyse les données expérimentales concernant |’adsorption de molécules diatomiques sur une 
surface métallique nue, pour établir les mécanismes cinétiques conduisant a l’adsorption chimique. 
On montre qu’en dehors d’une exception possible pour I’hydrogéne, les molécules adsorbées phys- 
iquement a la surface constituent un réservoir a partir duquel |’adsorption chimique peut se produire. 
On analyse les mécanismes cinétiques mettant en jeu une telle adsorption physique préliminaire, 
aussi bien pour la réaction sur une surface uniforme que pour la réaction sur des singularités super- 
ficielles telles que des joints ou des marches réticulaires. L’analyse de la vitesse d’adsorption de 
l’azote sur le tungsténe montre qu’au cours des premiers stades la vitesse de l’adsorption chimique 
est contrélée par la diffusion, et se produit de préférence sur des hétérogénéités de dimensions 

atomiques, que l’on propose d’identifier aux marches réticulaires sur la surface. 
JF. Phys. Chem. Solids 1, 3-13 (1956) 


L’APPROXIMATION DE LA MASSE EFFECTIVE POUR LES EXCITONS 


G. DRESSELHAUS 


On applique l’approximation de la masse effective, pour des bandes d’énergie électroniques 
dégénérées, a l’interaction des électrons et des trous dans un isolant. On montre que ce traitement 
donne naissance a des états liés pour |’exciton. L’Hamiltonien de |’exciton est de la forme trouvée 
précédemment pour les problémes d’états d’impureté. Le critére de validité pour l’approximation 
de la masse effective est que l’état le plus bas soit lié avec une énergie inférieure a, 0,2 eV. On 
indique des corrections a l’approximation pour tenir compte des moments magnétiques effectifs 
de l’électron et du trou. On étudie les régles de sélection et les largeurs de raies pour |’excitatior 


optique des excitons. On envisage aussi la possibilité d’existence du positronium dans les solides 
cristallins. 7. Phys. Chem. Solids 1, 14-22 (1956) 


RESISTIVITE RESIDUELLE EN FONCTION DE L’ORDRE A COURTES DISTANCES 
DANS Cy;Au 


A. C. DAMASK 


ON a mesuré la résistivité électrique du Cu,;Au a 77°K, aprés des trempes a partir de différentes 
températures au-dessus de 7;, température critique d’ordre a grandes distances. La résistivité 
décroit lorsque la température de trempe croit jusqu’a 485°C ; et des mesures a 4°K montrent 
essentiellement le méme comportement. L’origine de cette baisse de la résistance est attribuée 
a l’ordre a courtes distances. Cette décroissance de la résistivité résiduelle dans Cu,Au, lorsque 
l’ordre 4 courtes distances décroit, s’oppose aux mesures antérieures de |’auteur sur le laiton «. 
On étudie quelques conséquences de ces deux types de comportement de la résistivité 

J. Phys. Chem. Solids 1, 23-26 (1956) 
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EFFET DE L’ORDRE A COURTES DISTANCES SUR LA RESISTIVITE RESIDUELLE 


Joun B. Grsson 


On donne une théorie générale, fondée sur |’approximation de Nordheim, pour la résistivité 
résiduelle de solutions solides binaires présentant un ordre a courtes distances mais par d’ordre a 
grandes distances. Pour Cu,Au, cette théorie prédit un accroissement de 18 % environ de la résis- 
tivité avec l’ordre a courtes distances, juste au-dessus de la température critique, ce qui est en 
accord avec l’expérience. Pour le laiton «, l’accord est moins bon : on prédit un accroissement de 
0,4 ° de la résistivité, alors que l’on observe une diminution de 12 %. On estime qualitativement 
effet de l’ordre 4 courtes distances pour un solution solide arbitraire. En général, on peut s’atten- 
dre a ce que l’ordre a courtes distances diminue la résistivité d’une solution solide binaire dont 
les constituants ont une valence différente, quand la surface de Fermi passe prés de la limite d’une 
zone de Brillouin du réseau de la structure désordonnée. Un accroissement se produirait quand 
la surface de Fermi est proche d’une limite de zone de la surstructure. 


F. Phys. Chem. Solids 1, 27-34 (1956) 


LES PROPRIETES ELECTRONIQUES DES ALLIAGES NICKEL-PALLADIUM 


E. P. WoHLFARTH 


LES propriétées magnétiques des alliages Ni-Pd sont étudiées dans le cadre de la théorie des électrons 
collectifs en ferromagnétisme. On suggére une série d’études expérimentales ultérieures : en 
particulier la chaleur spécifique 4 basse température ; l|’aimantation au dessous du point de Curie 
et en présence d’un champ magnétique fort a basse température ; la variation de la résistivité 
électrique en fonction de la composition et de la température ; et l’effet d’une forte compression 
sur la température de Curie des alliages riches en palladium. On peut prédire qualitativement ou 
quantitativement le résultat de ces études. Une compression du Pd pur, a des pressions que |’on 
doit pouvoir produire, pourrait rendre ce métal ferromagnétique, avec un bas point de Curie 

J. Phys. Chem. Solids 1, 35-38 (1956) 


MESURES PRELIMINAIRES DE LA RESISTIVITE ELECTRIQUE DES ALLIAGES 
NICKEL-PALLADIUM 


A. I. SCHINDLER, R. J. Smitu, et E. I. SALKOvITz 


ON fait des mesures de résistivité électrique sur une série dalliages nickel-palladium. La résistivité 


passe par un maximum pour environ 70 °% (en atomes) de palladium, a 4,2°K, 77°K et 300°K 
L’écart du maximum par rapport a4 la composition équiatomique semble di a une composante de 
diffusion s—d qui croit avec la teneur en palladium et persiste encore aux températures de |’hélium 


liquide. F. Phys. Chem. Solids 1, 39-41 (1956) 


L’EFFET HALL DANS LES ALLIAGES ARGENT-PALLADIUM 


A. I. SCHINDLER 


ON a mesuré le coefficient de Hall 4 la température ambiante dans le systeme argent-palladium. 
On compare le nombre effectif d’électrons de conduction calculé, dans un modéle a une seule 
bande, avec celui obtenu pour le systéme cuivre-nickel ; on constate une analogie de comportement 
Ces résultats ne peuvent s’expliquer avec aucun des modéles a plusieurs bandes proposés jusqu’ici 
pour le coefficient de Hall. J. Phys. Chem. Solids 1, 42-44 (1956) 
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ANALYSE DES TRANSITIONS DU SECOND ORDRE, FERROMAGNETIQUES ET 
ANTIFERROMAGNETIQUES 


J. A. Hormann, A. PAskin, K. J. Taurr, et R. J. WEtss 


On décrit des procédés qui permettent de séparer la partie magnétique de la chaleur spécifique de 
corps ferromagnétiques et antiferromagnétiques. En étudiant des sels antiferromagnetiqués, on 
trouve que la chaleur spécifique de sels binaires peut s’exprimer par la combinaison de duex 
fonctions de Debye. On détermine |’énergie totale d’ordre W dans les substances ferromagnétiques 
et anti ferromagnétiques. Le rapport W/NkT-; est en assez bon accord avec les valeurs calculées 
par les méthodes de Kramers-Opechowski et Bethe-Peierls-Weiss-Li, fondées sur l’intégrale 
d’échange d’Heisenberg. Celle-ci, /, est calculée 4 partir de W. Pour le nickel et le fer, J est in- 
férieure 4 la valeur déterminée par des considérations d’ondes de spin, dans des mesures d’aiman- 
tation a saturation a basse température ; pour le gadolinium par contre, les deux valeurs sont égales. 
Pour des substances antiferromagnétiques, les valeurs de | pour des composés isomorphes se trouvent 
sur des courbes réguliéres quand on les représente en fonction du spin. 

¥. Phys. Chem. Solids 1, 45-60 (1956) 


RESISTANCE ET PARAMAGNETISME A LA TRANSITION DE SUPRACONDUCTION 


James C. THOMPSON 


On décrit des expériences d’aimantation longitudinale et de résistance de barres d’indium, 4 la 
transition de supraconduction. Les mesures ont été faites dans des conditions d’équilibre : courant 
fort, champ magnétique faible et température constante. On montre la corrélation entre |’augmen- 
tation de résistance et l’apparition de |’“‘effet paramagnétique’’. On trouve que la forme de la 
courbe est en accord avec la théorie proposée par H. Meissner. Le maximum de paramagnétisme 
a lieu quand la résistance a environ la moitié de sa valeur dans |’état normal. 


¥. Phys. Chem. Solids 1, 61-64 (1956) 


SPECTRE D’ABSORPTION DES IMPURETES DANS LE SILICIUM 
ACCEPTEURS DU GROUPE-III 


BurRSTEIN, G. Picus, B. HEnvis, et R. WALLIS 


Les spectres d’absorption 4 basse température des impuretés du groupe III dans le silicitum fournit 
des informations sur les énergies d’ionisation et sur les états excités des centres d’impureté. Les 
valeurs optiques des énergies d’ionisation du bore (0,046 eV) et de l’indium (0,154 eV) sont en 
accord avec les valeurs thermiques ; mais les valeurs optiques pour l|’aluminium (0,67 eV) et le 
gallium (0,71 eV) sont sensiblement plus grandes que les valeurs thermiques. Les différences 
d’énergie d’ionisation entre les impuretés du groupe III d’accompagnent de différences dans le 
caractére des spectres d’excitation et de photoionisation. L’analyse des niveaux d’impureté est 
faite 4 partir de la position des bandes d’excitation et dans l’hypothése que le niveau 4p est le méme 
pour toutes les impuretés du groupe III. En dehors de |’apparition d’une structure fine, les états 


du type p semblent en accord avec un modéle hydrogénoide simple. A partir des positions des 
niveaux p, on calcule une masse effective de 0,045 pour les trous, en utilisant l’expression des 
niveaux d’énergie d’un modéle hydrogénoide. On attribue les variations des forces d’oscillateur 
des bandes d’excitation, dans le groupe III, aux variations de la position et du caractére des niveaux 
1s, provenant d’effets sur l’atome d’impureté qui sortent du cadre de l’approximation simple de la 
masse efficace. On envisage les facteurs dont il faudrait tenir compte dans une étude théorique 


¥. Phys. Chem. Solids 1, 65-74 (1956) 


plus compléte des centres d’impureté ; 
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SPECTRES D’ABSORPTION DES IMPURETES DANS LE SILICIUM 


Donneurs de Groupe-V 


G. Picus, E. BursTEIN, et B. HENVIs 


ON a mesuré les spectres d’absorption infra-rouge dis 4 des centres d’impureté neutres, de type 
n (P, As, Sb) dans le silicum 4 la température de l’hélium liquide ; et l’on a déterminé a partir dé 
ces données les énergies d’ionisation et les schémas d’excitation pour ces substances. On a trouvé 
les énergies suivantes : P : 0,0503 eV ; As : 0,0533 eV : Sb : 0,0426 eV. Ces valeurs sont d’environ 
d’une partie 


} 


10 % plus grandes que les énergies d’ionisation thermique. On peut rendre compte 
Dasse 


de ces différences (1) par un effet Frank-Condon, et (2) par la présence d’états excités de 
énergie. On trouve que les états p excités des centres d’ impuretés sont 4 peu prés tous aux mémes 
distances de la bande de conduction, en accord avec les calculs de masse effective des centres d 
impureté par KoHN et LuTTINGER. Les differénces observées entre les diverses impuretés sont 
attributées aux différences des potentiels effectifs dans le voisinage immédiat des couronnes in- 
On ne tient pas compte de ces différences dans la théorie de la masse effective 


ternes de l’impureté. 
4. Phys. Chem. Solids 1, 75-81 (1956) 


STRUCTURE DES BANDES D’ENERGIE DANS LE GERMANIUM ET LE SILICIUM 
DE TYPre P 


O. KANE 


ON calcule les bandes d’énergie dans le silicium et le germanium 4a partir des paramétres de résonance 
cyclotron. L’énergie dans la bande, mesurée 4 partir du point k = 0, n’est pas supposée petite 
vis a vis du couplage spin orbite, si bien qu’on n’obtient pas des bandes paraboliques. Ce calcul 
considére le premier terme d’un développement par rapport aux perturbations en k.p et de 
Les contributions des termes d’ordre plus élevé sont étudiés ; l’on trouve 


couplage spin orbite. 
Les éléments de matrice 


qu’ils sont importants pour le germanium, mais pas pour le silicium. 


pour les transitions optiques directes entre les bandes de valence sont calculés 4 partir des con- 
L’absorption due aux porteurs libres est déduite de ces calculs 


stantes de résonance cyclotron. 
de structure de bandes ; on la compare 4 de récentes mesures de R. Newman sur le germanium 
On tire de données expérimentales une correction aux calculs de la bande de valence décomposée. 
On obtient des formules générales pour la théorie des perturbations dans un cas de dégénérescence, 


quand deux perturbations d’ordres différents jouent. ¥. Phys. Chem. Solids 1, 82-99 (1956) 


ACCEPTEURS THERMIQUES DANS LE GERMANIUM 


Harry LETAw, Jr. 


On identifie les accepteurs thermiques dans le germanium 4a des lacunes ayant une énergie de forma- 
Le recuit d’accepteurs introduits thermiquement dans le germanium est décrit par 


tion de 2 eV. 
L’ énergie 


un mécanisme comportant la formation de paires de lacunes dans un premier stade 
d’activation pour la formation d’une telle paire est 1,7 eV, soit 0,96 eV pour |’énergie d’activation 
de diffusion d’une lacune et 0,7 eV pour la répulsion a longue distance des deux lacunes. L’énergie 
de formation, et |’énergie de liaison d’une paire de lacunes sont 1,1 et 2,9 eV respectivement. Le 
coefficient de diffusion de la paire peut sans doute se représenter par 

D,, = 0,1 exp( —2,2/kT)cm?sec—!. 

Aux températures de la neige carbonique, une lacune accepte un électron et une paire de lacunes, 
quatre ; tandis qu’a l’ambiante, ces chiffres sont un et deux respectivement. Le second stade du 
mécanisme de recuit est la formation d’amas de quatre lacunes, dont |’énergie d’activation est 
2,8 eV. Le recuit peut se poursuivre par la formation d’amas d’ordre supérieur. On compare ce 
modéle a des expériences d’autres auteurs ; et l’on montre qu’il rend compte de la lenteur du 
recuit ainsi que de |’accroissement initial de la densité d’accepteurs que |’on observe souvent au 


¥. Phys. Chem. Solids 1, 100-116 (1956) 


cours du recuit. 
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ABSORPTION PAR RESONANCE PARAMAGNETIQUE DE Mn++ DANS DES MONO- 
CRISTAUX DE BLENDE 


L. M. MATARRESE et CHIHIRO KIKUCHI 


ON a trouvé une anisotropie particulierement prononcée du spectre d’absorption paramagnétique 
de l’ion manganeux dans un cristal naturel de sulfure de zinc. La largeur maximum d’un groupe 
hfs est de 45 gauss, les densités des composantes étant approximativement dans les rapports 
8/5/9/8. On doit s’attendre a ce genre de répartition de la densité quand les termes quadra- 
tiques dominent dans le champ électrique cristallin. On a obtenu ces spectres sous des champs 
voisins de 8.500 gauss, et pour une fréquence d’environ 24.000 Mc/sec. On a étudié la variation 
angulaire, en changeant la direction du champ magnétique dans les plans (100), (110) et (111) du 
cristal. Les résultats expérimentaux montrent que la symétrie du champ électrique cristallin autour 
de l’ion Mn++ est cubique. La constante d’anisotropie cubique est —1,39 gauss, le signe étant 
déterminé a partir de la dépendance du groupe hfs vis 4 vis du nombre quantique magnétique 
nucléaire. La constante d’interaction hyperfine A est de 68,4 gauss. On prédit une structure en 
doublet pour le spectre de l’ion manganeux dans le sulfure de zinc hexagonal. 


J. Phys. Chem. Solids 1, 117-127 (1956) 


MEXAHH3M XEMMCOPBIUUM METAJIJIOB 


Tept dpaux 


MPOAHAJIMBUPOBAHBbI wMetoumeca akcnepnMeHTasIbHBIe faHHEIe 10 acopounn 
BYXaTOMHBIX MOJeKYJ Ha YMCTO MeTaIMYeCKOi MOBePXHOCTH C Webi ycTaHOBIeHMA 
KMHeTH4YeCKUX Mpoleccos, Beyuimx K xemucopOuun. IloKa3saHo, YTO MOJeKy.JIbI, PU3sM4eCKH 
aqcopOMpoBaHHble Ha MOBePXHOCTH (BO3MO7KHO, 3a MCKO“eHMeM BOOpoa), OOpasywT 
pezepByap, M3 KOTOpOrO MOKeT MpoucXOANTh xemucopounA. 

Pa3BuTb KMHeTHYeCKHe MeXaHM3MbI, BKIOYAIOUMe Tako PU3snH4ecKH azcopOupoBaHHblit 
IpeWeCTBCHHHK, Kak [WIA peakwiii Ha OTHOPOTHON MOBepXHOCTH, Tak M WWIA peakuMit Ha 
ocoGeHHOCTAX MOBepXHOCTH, TAKMX Kak panna 3epeH WIM HAapywleHuA pemleTKH. 

AnaJIM3bl CKOPOCTH acopOlnn az0Ta Ha BObPppaMe MOKABbIBAIOT, YTO B TeEYeHMe HavaJIbHolt 
CTaHM CKOpOCTh XemMucopOmMM onpexerneTcA AudpPpy3snel M BOSHUKaeT IpeuMyllecTBeHHO 
Ha HCOHOPOAHOCTAX MOPAMLKA ATOMHBIX pasMepOB, KOTOPHIe IKCMePUMeHTAIbHO OTOMKECCTB- 
IAIOTCA C HapyWeHMAMHM pellleTKN Ha MOBePXHOCTH. F. Phys. Chem. Solids 1, 3-13 (1956) 


MPUBJIM;KEHME J®MERKTUBHOLM MACCbI JIA OKCHTOHA 


lr. JIpeccempbxayc 


IIPMBJIMSKEHNME oddertusnoit maccnt JA BEIPOAKCHHEIX DJICKTPOHHBIX MOJ0C aHeEprun 
IIPHMCHEHO K B3aMMOelCTBHIO DICKTPOHOB M AbIPOK B MZ0UNTOpe. Tloka3zaHo, 4TO m3 9TOrO 
pacCMOTpeHMA CJIeYIOT CBABZaHHbIe DKCHTOHHBIe cocTrosHuA. TamMusbTOHMaH aKCHTOHA 
uMeeT (POPMY, BEIBEJeEHHYIO paHee [IA MpoOnem MmpuMMecHoro cocrosHuA. Hpurepuit cpa 
BeJIMBOCTH IpHOJIHKeHHA a*PeKTHBHBIX MACC 3akIIO4aeTCA B TOM, 4TOORI HUAKHEe COCTOAHHE 


ObI0 CBA3aHO C dHepruelt < 0,2eV. Yka3anHbl nompaBKH, oTBeYAaloONMe 3a adPeKTHBHLIE 
MAarHHTHbIe MOMECHTHI QJIeKTPOHA MM ABIPKH. OdcyvkyalwTcA nmpaBusa oTOopa UM WIMpHHEl 
MMHMi JAA ONTHYeCKOrTO BOBOyAKeHMA DKCHTOHOB. PaccmoTpen TaKake BOTIPOC O CyUecTBO 
BAHU MO3MTPOHHA B KPHCTae. F. Phys. Chem. Solids 1, 14-22 (1956) 





ABSTRACTS 


OCTATOYUHOE COMPOTUBJIEHHE B S8ABUCHMMOCTH OT BJIWSRHEPO 
MOPAJTRA B Cu, Au 
A. C. Jlamack 


H3MEPEHO oxnexrpuyeckoe conporupienne Cu, Au apn 77°h mocae oxaanyenna 
pasJIM4HbIX TeMMepatyp Ooubmux 7, (KpuruvecKoit TeMMeparypbtl JLIA JlaIbHero TOpAKa 
ConporupaeHnne NOHUMAeTCH C YReIMYeHHeM reMiepaTypbl, OT KOTOPOH MpOHsBOMMIOCk 
OxXJaKTeHne BINIOTh tO 485°C, a usmepennvl upu 4° o6Hapy+kuBaloT 10 CyUlecTBY Tak 
nHe TWOBeTeHHe. [Ipoucxomyrenn TOTO YMCHbBINCHHA COMpPOTHBIeCHHA ILPHITMCbLIBaeTCA 
O1MKHeMY TOpAIKY. OYTO yMeHBmMeHHe OCTaTOYHOrO compoTuBseHuA B Cu,Au Cc yMeHb- 
meHHemM OJmMKHero HOpAKa MpOTHBONMOSO7RHO pesyJibTaTaM WpestHUXx H3MepeHult aBTOpa 


1 


SICHHAR. 7 Phys. Che m. Solids 1 23 26 ( 1956) 
’ 


B % JlaTVHH. OOdcyalorT’ H HeEKOTOphble BHIBOTbE W838 STHX JBYX THITOB TOBeTeCHHA COMpPOTHB 


BJIMAHMUE BJIMARHETO HOPAJIKA HA OCTATOUHOE COMPOTHBJIEHHE 


JLKoH b. TE u6con 


JAHA OBA teopua ocrarounoro compotTuBaienns OnHapHBIX TBePJIbIX 


PaCTBOPOB, 
MMGIOULNX ORE MO PALOR, HO He HUMeCHULNX jla.IbHero MOpA Ra 


, OCHOBAHHAaA Ha mupnosam 
meHun Hopyreiima. Jlaa Cu, Au ota teopnaA mpeqcka3pibaer BOspacraHne CompoTuBaeHnA 
MpHOIM3uTeIbHO Ha 18% © ycTanoB.eHneM OcuM7RHeErO MOPAKa pM TeMMepatypax C.1erKa 


Bhine TeMiMepaTypbhl VIOPpATOVeHHA 4YTO COP MACVeTCH  ¢ IRCIIEPUMeCHTOM. Jlasx % JIATVYHU 


corsacne Xym#e: mpeqcKkasano 0,4% yeermuenhe COMpPOTHB.IeHHA B OTIMNUNe OT HaGJOjaeMoro 
12% ymenpuienna. Il pupeyenbt KavecrReHHble paccyAkKeCHUsl 1A OMeCHKH adpeKTOB O.1m7KHeTO 
NOpALKA B MpPOMSBOJIBHBIX TBEPALIX pacTBOpax. B oOulem, MO#HO O7KUaTb, YTO OanAHnit 
NOPAOK MpMBOAMT K YMeHbINeHHIO COMpOTHB.AeHHA OuHApHOrO TBepyOroO pacTBopa ra- 
BAUME KOTOPOrO HMeIT PasIHYHY!IO BaAIeCHTHOCTH, KOrjla TOBepxXHOcTh MepmMun mpoxoynt 
O.1N3KO K OpPHMAyeHOBCKO 30He LIA MeHee ynopsAyoueHHOn pemerkH. Bospacranne j0.17kHO 
HacTynaTb, Kora nopepxnocth Mepuu O1u3ska K rpanue 3OHbI JWI CBepxXpemerKH 


F. Phys. Chem. Solids 1, 27-34 (1956) 


J IERTPOHHbIE CBONCTBA HUKEJIb HASTTAJTUEBbIX CILTABOB 
I]. Boupdapt 


Horo pacemoTpenua dbeppomMarHetiama. Ilpequomen pA Ladibveiimux IKCMepUMeHTacIbHbIX 
HCCeOBaHHii, BKUOUAH H3MepeHuA VileIbHOL TeMIOeCMKOCTH Mp HUSKUX TeMMepatypax, 


OBCYsRJTAIOTCH marnutupre ceoiicerna Ni-Pd cumapos Ha OCHORE KOJII@CKTHBHOLO 9 leKTPOH- 


HaMarHnyennaA Hue TOUKH hiopu MB MIpHCYTCTBHM CULIbHOPO MarHUTHOrO MOJIA Ip HU3SKHX 
remlepaTypax, M3MeHeEHHA IICKTPUYeCKOrO COMPOTHB.eHUA B 3aRUCHUMOCTH OT TeMMepaTy ppl 
H COCTaBa UM BIIMAHNMA CHJIbHOrO Cr#KaTHA Ha TeMiepatypy Hiopu Pd coiasos. Bo pcex cay4anx 
BOSMOFRHO Cle1atTb KHaAYeCTBCHHBIeC HT KO. THYeCTBCHH bt TpelehasaHuf OTHOCHTeLIBHO 
pesyubtata uccieqoBpannit. I[peymoaaraetca, 4ro cxkaTue unctoro Pd mpm opakTruyeckn 
JOCTH#KUMBIX JlaBJICEHHHX MO7KeET [laTb od«pekT MepeBojla ero B (beppOMarHeTHK C HU3KOI 


rOuKOH hiopn. 7 Phys Chem. Solids 1, 35-38 (1956) 








ABSTRACTS 


MPEJIBAPUTEJIBHbIE M3MEPEHUA OJIEKTPHYUECKOLTO COMPOTHBJIEHIISA 
HIUREJIb ITAJIJIAJTMEBbIX CITIABOB 


\. MW. Uwagaep, P. H. Cunt, uw E. UW. Cansrosuy 


IITPOJTEJIAHbI usmepenust aekTpM4uecKoro COMpPOTHMBIeCHMA pHa HMKeJIb-MaJiajlueBbix 
cm1aBoB. CompoTupseHiue OCTHraeT MAKCUMYMA IIpHONHM3nTeIbHO pH 70 aTOMHBIX MpoleH 
roB Maswayqua upu 4,2°R, 77°R uw 300°K. Copur mackumyma or 50-50% cmecu posHukaet 
OnarofqapA KOMMOHeHTe S-d pacceAHHHA, KOTOPaH BOBpacTaeT C yBeJMYeHMeM COjlepsKaHuA 
MaiiaquA W COXpanHAeTcA lO TeMMepaTyp *KULKOrO redMA. 

JF. Phys. Chem. Solids 1, 39-41 (1956) 


JOMERT XOJLWIA B CILWIABAX CEPEBPO-ITA TTA MA 


\. VW. Ilnaynep 


CUEJIAHbI usmepenua Kooddpuunenta Xora cnaapon cepeOponaiiaqui mpu KOMHaTHO! 
remilepatype. Mcnoup3yaA MOJIeJIb C OHO momocol, moacunTaHo adeKTUBHOe UNCIIO 
MIPOBOAMIMNX BIEKTPOHOB WM CpaBHeHO C TOM Ke BeJIMYMHOW JIA CHIaBOB Mej{b-HMKeQJIb; 
pW dTOM oOHapyKeHo CXOJICTBO B TIOBeTeHHH. 
Pe3yabTaTbl He MOTYT ObITh HCTOKOBaHI, CCIM MCHONb30BaTb J0O6y10 MHOTOTIOOCHYW 
MOJl@JIb, TIpeO+KeHHy!O JIA BHaYeHHit KOOPPpumMeHTa Nowa. 
J. Phys. Chem. Solids 1, 42-44 (1956) 


\HAJINS MEPEXOJIOB BTOPOTO POJJA B ®MEPPOMATHETHRAX II 
\HTH®MEPPOMATHETURAX 


HM. A. Podman, A. Ilockun, RK. UW. Toop, u P. UW. Beiice 


OMIICAHA mporetypa oTyeateHuA MarHUTHOPO BKJaa B Y)leIbHY!O TemJ1OeMKOCTbh (ep 
PpOMAarHHTHBIX HM aHTHeppOMarHnrHEx BellecTB. [pu ahamM3e aHTMeppOMarHUTHEIX Coes 
OOHAPYeHO, UTO JaHHbIe MO YileIbHOH TeMIOeCMKOCTH JIBOMHbIX COJeH MOrYyT ObITh OMNCAaHbl 
C TNOMOUbhO KOMONHAaAUIM BYX jwedaeBCKUXx PyHRUNI. Onpeye 1eHa TOJIHaA VHEPrnA YMOpA 
noyennA W jus (beppoMarHuTHbIX MH aHTHdeppOMarHMTHBIX BeljecTB. OdnapyKeHo, 4TO 
oTHomenne W/NkT¢ HaxoAUTCA B YAOBMETBOPHTeIbHOM COrmacuM C pesyabTaTAaMM BbIMMCIe 
Hui m0 MeTOjam Kpamepca — Onexoscxoro u Bete — Iaiiepuc — Beiicca — Jin, ocHoBpaHHblM 
Ha POPMYIMpOBKe OOMeHHOrO B3anMOpelictBnA Teti3sendepra. U3 W serancuen oOMeHHBIIt 
uuterpal J. Jinn Niu Fe, J okasbipaerca MeHbINe, YM BEIMYMHEI, ONpeesAeMBbIe C TOMOLIbIO 
MpeCTaBJeHHil O CIMHOBHIX BOJHAX MO M3MePeHUAM MAFHUMTHOTO HacbIeHuA MpM HUSKUX 
Temlepatypax: ja Gd o6e peanunHst copnagawT. Jlua anTudbeppOMarHUuTHEIX BellecT! 
BemunHa J [1A H3OMOP(HBIX KOMMOHEHT JO7KUTCA Ha Pa_KyO KPUBYW, eC OTKTALbIBATh 
e@ B 3aBMCHMOCTH OT ChMHa F. Phys. Chem. Solids 1, 45-60 (1956) 


L 








ABSTRACTS 


COMPOTUABJIEHUE WM TAPAMATHETH3M IIPM TEPEXOJIE B 
CBEPXITPOBOJTAITEE COCTOHHUE 


1. C. Tommcoxu 


OUMCAHDbI okcnepumenter m0 naMepeHMto MpOOJIbHOrO HaMarHMYeHHsl If COMpOTHMBJIEHITA 
HHNeBO MpOBONOURM Tip Tepexoye B CRepxipoBpossAutee CoctrosHue. Tsmepenua Oni 
MpoBeseHbl B PaBHOBeCHBIX YCJIOBUAX JIA OOJIBITAX TOKOB, MacIbIX M@arHUTHbIX WoOJreit 1 
ip MOCTOAHHON Temmepatype. [[poxemoncTpupoBano HadMune KOppeclALMM Mev LY POCTOM 
COMPOTHBAeCHHA MW HOABSICHMeM ,, HapaMarHuTHoro adipekta’’; OOHapyaeHo, uTO (hopma 
KpHBoii HaXxO,UTCH B Corsacun C Teopneit MeiiccHepa MakcuMyM fapaMarHeTH3Ma 
umMeeT MeCTO, Kora COMpoTHB.eHHe paBHO TIpHMepHoO TOJIOBNHeE CROerO HOPMasbHOrO 
cTalMoHapHoro 3BHaAYeHHA F. Phys. Chem. Solids 1, 61-64 (1956) 


CHERTPbI TMOPTOULEHUA JL DA TIPU MECEIM B KPEMHITE 
AHUWEMTOPbI TI-PPYVITITbI 


2. Bapmreiin, T. Maiikye, Bb. Xenrue, u P. Voronin 


CHERTPbI norsomenua yan mpumeceit TpeTbeii rpynmtbt B KpeMHMN awT Up HH3KHX 
remilepaTypax CpeyleHuA 00 JHeprull MOHM38alnn BO30 VK CHHBIX COCTOHHUAX IpuMecHBIx 
WeHTpoB. Onrnveckne 3Ha4eHHA WIA DHeEprHit MOHM3anHH Sopa (0,046 eV) mu unauA (0,154 eV) 
HaXOMATCAH B XOPOTNeM COriachn © TeMIOBLIMM 3HAYeHHAMHM, HO ONTHYeCKHe BHAYeHHA WIA 
atiomunHna (0,67 eV) mu ransusa (0,71 eV) samerno 6o.1bme TepMayeckuHx. VismMeHeHue B 
HEP MOHMZaANMN JIA WpumMeceii TpeTbeii Tpynnbl CONpoBOmaeTCA MW3MeCHeCHHMAMM B 
XapaktTepe Bos0yKeHHit UW POTOMOHM3allMOHHBIX CHeKTpoB. Cxema ypoBHelt [iA MpumMecelt 
BHIROLUTCH 13 TOJO+KCHUA TOJI0C BOBZOVAeHHI HM MpeAnOO+KeHUA, YTO JIA BCeX MpuMecelt 
III rpynmpr ypospenb 4p tor me Cambiii. OTBIeKaACh OT TIOABACHHA TOHKOM CTPYKTYpHt, 
COCTOAHHA p — THMa yKlajibIBaloTcsA, Kak KarkeTCA, B MpocTylo BoZOpoRHylo Moped. Ws 
NONO7+KCHUA DP ypospHell BEIunCIeHa o*pPekTMBHAA Macca 0,045 JIA AbIpPOK C MOMOLI[bIO 
BhIPawkenHnit JLIA OHepreTHYeCKUX YpoBHeit BOLOpOHO Moyes. WsmMeneHnvA B CitIaXx 
OCIMIIATOPOB JIA MO10C BOBOyAeHU Cpenu mpumeceii II] rpynmpr ces3aHbl C W3MeHeCHMAMH 
B MOJ07KCHHM M XapaKtTepe Is ypoBHeii, 4YrO TIpUBOAUT K HeMpuMeHHNMOCTH MpocToro Popma 
im3Ma_ adPeRTHBHbIX Macc. OdCyKaloTCA akTOPbI, KOTOPbIe [O.IHRHbI OBITh VUTeHDI 
Hoee NONHO TeOpeTHueCKO! THpakTOBKE MPUMeCHBIX IeCHTPOB. 

F. Phys. Chem. Solids 1, 65-74 (1956) 


CHERTPbI HOPTOUNTEHUA JLT TIPHUMECEM B KPEMHIE [I 
JIOHOPbI V-CPPYIIIIBI 


Ilaiikye, 0. Bapmretin, nu b. Xensu 


HW3MEPEHDbI undpakpacuble cnekrpbt moraouleHnA, OOBaHHbIe HeliTpalbHOMYy, A-TIITLY 
lipuMecubix weutposw (P, As, Sb) B Kpemunun. UsmepennaA npon3pouiuch Ip resHeBbrx 
remuepatypax. Ilo 95THM jaHHbIM OnpeeiAMch OHeEPru HOHMBannNn WM CxeMa ypoBHeii 
Wa oTux BemectB. Jia sHeprnuii uoHMsaunn Haiifeno : P: 0,0503 eV; As : 0,0533 eV; 
Sb : 0,0426 eV. Oru Bpesm4HHb mpuMepHo Ha 10% Ooupure TepMnyeCKHX DHepruil HOHM3salNn 
Ora pasnnma MosKeT ObITh YacTHUHO OO’ ACHeHaA (1) addpeKToM DpankKa-honjona uu (2 
IIPHCYTCTBHeM HU3KO PacOJO+eHHBIX BOBOYAKeCHHEIX cocTOAHHt. Iloj1omeHne BOsOy7KeH- 
HbIX p-COCTOHHM TpPUMeCHBIX I[eHTPOB OTHOCHTebHO MOJ1I0Chl TIpOBOUMOCTH HaiigeHoO B 
rpyOomM TpnudsM7-KeHuM OJ[MHAKOBBIM JIA BCeX, B XOpOINeM COraacun C pe3sy.1bTaTaMH C 
HCC.1e{OBaHHeM IleHTpOB puMeceii B MmpunOdMKeHHH OP PeKTUBHBIX Macc, MpoBeseHHbIM 
Konom u_ Jiorrnnrepom. OrksoneHHA, Hadsiofaemble JIA = pas/u14uHbIX opumeceii, 
CBA3aHbI C pasHuneli B oditeKTUBHEIX NTOTeHIMaIaX B HeMmocpesCTBeHHO! O1uZ0CTH WeHTpa 
mpuMecHoro u0Ha. ITA pasHuila He MpwMHuMaeTCA BO BHUMAHHe B TeOpul C addeKTHBHBIMH 
MaccaMil. }. Phys. Chem. Solids 1, 75-81 (1956) 








ABSTRACTS 


CTPYATYPA OHEPPETHUECKHNX 30H B p-THITE TEPMAHUA UW KPEMHIUSA 


2. O. Koitn 


HPOBE,LEHO permncienue CTpyKTYpbl dHeEpreTHYeCKUX 30H WIA TPeXBaJICHTHbIX 30H B 
KPeMHHMH HM repMaHHM Yepe3 MapaMeTPbI WMKOTPOHHOTO pe3zonanca. II]pu atom OTHOCHTebHO 
9Hepruit B 30HeE, U3MepHemolt or A=O, He JledaeTCA MpefMONOHeHUA O MaNOCTH ee M10 
cpaBHeHMlo C paciemseHwveM CnMH-oOpOutTa, BCue_CTBMe 4ero JLIAA MOJIOCbI He MOuyuaerca 
apadosM4eckKoro Bupa. BruncseHnA OCHOBBIBaloTCcCAH Ha paccMOTpeHuit epBoro 4YJICEHA B 
pasJOHKeCHMM B TeEOPUN BO3MyleHHit m0 (K.p) u CuuH-opOuTa B3anMozelictBuiw. Uccuexyerca 
BeIMYHHA BKJlajla OT YJICHOB BbICIIMX MOPAKOB M HalifleHO, 4TO OH OJKeH OITA Cy[eCTBeHeH 
1A TepMaHHA, HO He WIA KpemMHuA. MatTpnunble dJIeMeHTHI [IAL IPAMBIX ONTHYeCKHX Tepe 
XOJOB MeK]LY BaJeHTHbIMM TMOJOCAMM BEIYMCIAIOTCA M3 TOCTOAHHEIX I[MKJIOTPOHHOTO 
pesoHanca. Ilorsomenne CBOOORHbIMM HOCHTeJIAMH BLIYMCJIACTCA 13 TOJYYCHHBIX Pe3yIbTAaTOB 
{WIA CTPYKTYPbI 30H; TMpoBeeHO CpaBHeHue C HeaBHUMM DKCIMePMMeHTAaJIbHEIMM JaHHBIMM 
HpiomeHa WIA repMaHHA. OneHeHa Tolpapka K BbIYMCIeHHMAM paclileMwieHHA BaJIeHTHO! 
NONOCh, HCXOH 13 DKCMePUMeHTAaJIbHbIX [aHHBIX. Bpmegena POpMysia [WIA BEIPOMmMeHHO!L 
reopun BO3M VULCHHE C TBVMA BOSMYIUCHHAMIT PasJINGHbIX TOPATKOB. 

. Phys. Chem. Solids 1, 82-99 (1956) 


TEPMHYUECKHE AKWEMTOPbI B TEPMAHMM 


Tappu Jleray 


TEPMUUECHKHE akyenropp B repMaHHM OTOAKECTBIAIOTCA C BaKaHCHAMM C DHeprHelt 
oOpasopanuA 2 eV. Otskur TepMn4ueCKH BBOAUMEIX akIlelTOpOB B repMaHUl OMMChIBaeTCA 
MeXaHH3MOM, BRK.UO4aIOUUIM OOpasopaHne JBOHEIX BakaHcnii B KayecTBe MepBoro o9Talia. 
OuepruA aKTHBALMM [IA OOpas0BaHnA BOlHbIX BaKkaHcuit ecTb 1,7 eV nu cocTaBJIAeTCA M3 
BnemnunHbt 0,96 eV, BKaajla OT DHeEPrun akTHBAIMN JIA WudPpy3snu BaKkancuit, u 0,7 eV m3-3a 
OTTATKMBAHHA IBYX BakaHCcuil Ha OOJbUINX PaccTOAHMAX. OHeprud OOpasoBpaHnA MH OHEprUuA 
CBABH J[MBakancnit ectb 1,1 m 2,9 eV coorsercrnenHo. Hoodpurnneut puddy3sun, BepOATHO, 
Mo7keT OLITh MpesCTaB.leH KaK Dyy = 0,1 exp (—2,2/kT) cm? cex~!. [lpn remnepatypax cyxoro 
‘Iba BAKAHCHA 3aXBaTbIBaeT OH IICKTPOH, a [[MBaKAHCHA yeTbIpe, BMeCTO OHOTO 
ABYX, COOTBeETCTBeHHO, Ip KOMHaTHOI TemMMepatype. Bropan crynenb mpowecca oTmKura 
HpHBOAMT K OOpaso0paHHlo YeTBEPHbIX PpyNl, HEPA AKTMBAILMM [WIA OOPas0BaHHA KOTOPBIX 
ecTb 2,8 eV. Jlanbneiiumii ormaur MOmKeT IpuBectTn K OOPas0BaHNW PpyMll BEICIIMNX MOPAKOB. 
llopeqeHue MOe1M CPaBHUBAeTCA C UMCIOULMMUCA DKCMEPUMeCHTAJIBHBIMHM J[AHHLIMH ; 1OKa3aHo, 
4TO OHO COrdacVveTCH C M@jWICHHEIM XOJIOM OTHULra, TAKE KAK C HavaJIbHbIM BOSpacTaHHeM 
HOTHOCTH akIlenToOpoB, YacTO HaGwOsaeMbIX BO BPeMA OT?KUTA. 

F. Phys. Chem. Solids 1, 100-116 (1956) 








ABSTRACTS 


MNAPAMATHUTHOE PESOHAHCHOE JTIOTJIOMNJEHUE B Mn** 
MOHOKPUCTAJIJIAX UMHROBOM OBMAHKY 


JI. M. Moiirappec u C. Hunyun 


OBHAPYSKEHA oruerimpo BbipakeHHaA aHMs0TpOnMA CHekTpa MapaMarHuTHOrO MOTO 
WeCHUA MOHAMM MapraHija B eCTeCTBeCHHBIX KpuCTawax KyOnyecKoro Cylibdpusa WHHKa 
Makcumadbiad Wupuna rpymubt Afs ecth 45 raycc ¢ MAOTHOCTAMH KOMMOHEHT, HaXOJAWMMUCA 
npHoOmM3nTesbHO B OTHOMeHHH 8 35:9 :5:8. ITa KapTMHa WIA pacnpeseseHuA MIOTHOCTH 
JOUKHA O*KUMLAThCH, CCIM MpeoOsaaeT ueTBEPHO! YWICH B IIEKTPUYeCKOM T0.1le KpMCTaJWa. 
CrekTpbt Obi MOyueHbt B OOnacTH 8500 raycc M MMUKPOBOJIHOBEIX YaACTOT, MpHOJIM3SUTeIbHO, 
24,000 Mry. Yruopan 3aBMCHMOCTh UCCe_OBaIach U3MeCHeEHHeM HallpaBJieHusAl MArHUTHOTO 
noua B miockocTAx (100), (110) um (111) Kpuecranaa. OKCHepHMMeHTAaIbHbIe pesyJIbTAaTHI 
yKa3biBaloT Ha TO, 4TO aZeKTpHN4yecKoe Noe noHOB Mnt* B Kpuctasie uMeeT KyOn4ecKyo 
cumMeTpnW. honcranta aHH30Tponuu a ecrb —1,39 raycc, 3HaKk ONpeeuAeTCA M3 3aBNCHMOCTH 
hfs pacuenenua oT silepHoro MarHuTHOrO KBaHTOBOrO 4YUCIAa. HoHncTaHta CBepXTOHKOrO 
s3auMoOjlelictrauA A ectb 68.4 raycc. /LyOueTHaH CTpyKTypa Mpe{CKasblBaeTcA [WIA CleKTpa 
HOHOB MapraHija B rekCarOHadIbHOM CYJIbue WMHKa. 

4. Phys. Chem. Solids 1, 117-127 (1956) 


DER VERLAUF DER CHEMISORPTION BEI METALIEN 


GERT EHRLICH 


Die vorliegenden experimentellen Werte iiber die Adsorption zweiatomiger Molekiile auf einer 
reinen Metalloberflache werden zur Ermittlung der zur Chemisorption fiihrenden Kinetik unter- 
sucht. Es wird gezeigt, dass mit der méglichen Ausnahme von Wasserstoff die an der Oberflache 
physikalisch adsorbierten Molekiile das Reservoir fiir die Chemisorption bilden. 

Sowohl fiir die Reaktionen an einer glatten Oberflaiche als auch fiir die Reaktionen an Ober- 
flichenfehlern, wie Korngrenzen und Gitterstufen, werden kinetische Modelle entwickelt die 
eine physikalisch adsorbierte Vorstufe der Chemisorption enthalten. Die Untersuchung der 
Starke der Adsorption von Stickstoff auf Wolfram zeigt, dass die Chemisorption am Anfang im 
wesentlichen durch die Diffusion bestimmt wird und dass sie bevorzugt an Unregelmissigkeiten 
von atomaren Dimensionen erfolgt. Diese werden versuchsweise als Gitterstufen auf der Ober- 


¥. Phys. Chem. Solids 1, 3-13 (1956) 


flache erklart. 


DIE METHODE DER EFFEKTIVEN MASSE BEI EXZITONEN 


G. DRESSELHAUS 


Dre Methode der effektiven Masse fiir entartete Energiebander wird auf die Wechselwirkung 
zwischen Elektronen und Defektelektronen in Isolatoren angewandt. Es wird gezeigt, dass diese 
Naherung gebundene Exzitonenzustainde zur Folge hat. Der Hamiltonoperator fiir Exzitonen ist 
von der gleichen Form wie er friiher auf die Zustande von Verunreinigungen angerwandt wurde. 
Als Voraussetzung fiir die Giiltigkeit der Methode der effektiven Masse wird fiir den tiefsten 
Zustand eine Bindungsenergie < 0,2 eV gefordert. Um das magnetische Moment von Elektron und 
Defektelektron zu beriicksichtigen, wird eine Verbesserung der Naherung angegeben. Auswahl- 
regeln und Linienbreiten bei der optischen Anregung der Exzitonen werden besprochen. Die 
Frage nach der Existenz von Positronen in Kristallen wird ebenfalls aufgeworfen. 


J. Phys. Chem. Solids 1, 14-22 (1956) 
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SPEZIFISCHER RESTWIDERSTAND UND NAHORDNUNG IN Cu,;Au 


A. C. DAMASK 


Der elektrische Widerstand von Cu3Au wurde nach Abschrecken von verschiedenen Temperaturen 
oberhalb T:, der kirtischen Temperatur fiir Fernordnung, bei 77°K gemessen. Der spezifische 
Widerstand nimmt mit steigenden Abschrecktemperaturen bis zu 485°C ab; Messungen bei 4°K 
zeigen im wesentlichen dasselbe Verhalten. Der Grund fiir diese Widerstandsabnahme wird der 
Nahordnung zugeschrieben. Diese Abnahme des Restwiderstandes von Cu,;Au mit abnehmender 
Nahordnung widerspricht den Ergebnissen des Autors bei friiheren Messungen an «-Messing 
Einige Konsequenzen dieser beiden Arten des Widerstandsverhaltens werden besprochen 

J. Phys. Chem. Solids 1, 23-26 (1956) 


DER EINFLUSS DER NAHORDNUNG AUF DEN RESTWIDERSTAND 


JoHN B. GIBSON 


Fur den Restwiderstand bindrer fester L6sungen mit Nahordnung, jedoch ohne Fernordnung, 
wird eine allgemeinen Theorie, die auf der Nordheimschen Niaherung beruht, gegeben. Bei 
Cu,Au sagt diese Theorie eine Zunahme des spezifischen Widerstandes um 18 % bei Nahordnung 
nahe iiber der kritischen Temperatur, in Ubereinstimmung mit dem Experiment, voraus. Bei 
a-Messing ist die Ubereinstimmung nicht so gut, da die Theorie eine Zunahme des Widerstands 
um 0,4 % voraussagt, wahrend eine Abnahme von 12 % beobachtet wird. Zur Berechnung des 
Einflusses der Nahordnung fiir eine beliebige feste Lésung werden qualitative Untersuchungen 


angestellt. Im allgemeinen kann angenommen werden, dass bei bindren festen Lésungen, deren 
Bestandteile verschiedene Wertigkeit besitzen, die Nahordnung eine Abnahme des spezifischen 
elektrischen Widerstandes zur Folge hat, falls die Fermioberflache der Grenze einer Brillouinzone 
des Grundgitters nahekommt. Eine Zunahme sollte eintreten, falls die Fermioberflache einer 
Zonengrenze der Uberstruktur nahekommt. JF. Phys. Chem. Solids 1, 27-34 (1956) 


DIE EIGENSCHAFTEN DER ELEKTRONEN BEI NICKEL-PALLADIUM 
LEGIERUNGEN 


P. WoOHLFARTH 


Dir magnetischen Eigenschaften der Nickel-Palladium Legierungen werden unter Zugrundelegung 
des Elektronengasmodells, wie beim Ferromagnetismus, untersucht. Eine Reihe weiterer experi- 
menteller Untersuchungen wird angeregt, welche die messung der spezifischen Warme bei tiefen 
Temperaturen, die Messung der Magnetisierung unterhalb der Curietemperatur und, in Anwesen- 
heit starker magnetischen Feldstarken bei tiefen Temperaturen, die Messung der Abhangigkeit 
des elektrischen Widerstandes von Temperatur und Zusammensetzung sowie den Einfluss starken 
Druckes auf die Curie-Temperatur palladiumreicher Legierungen einschliesst. In allen Fallen 
ist es mOglich, qualitative oder quantitative Vorhersagen tiber den Ausgang cer Untersuchungen 
zu machen. Es ist anzunehmen, dass die Kompression reinen Palladiums (mit den erzeugbaren 
Drucken) das Metall in den ferromagnetischen Zustand mit einer tiefen Curie-Temperatur iiber- 
fiihren kann. JF. Phys. Chem. Solids 1, 35-38 (1956) 
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VORLAUFIGE MESSUNGEN DES ELEKTRISCHEN WIDERSTANDES AM NICKEL- 
PALLADIUM LEIGERUNGSSYSTEM 


A. I. ScuinpierR, R. J. Smitu, und E. I. SaLkovitz 


AN einer Reihe von Nickel-Palladium Legierungen wurde der elektrische Widerstand gemessen 
Bei den Temperaturen 4,2°K, 77°K, 300°K und rund 70 Atomprozenten Palladium erreicht 
der spezifische Widerstand ein Maximum. Diese Verschiebung des Maximums gegeniiber der 
Zusammensetzung mit 50 °¢ Pd scheint auf eine mit wachsendem Palladiumgehalt zunehmende 
s-d Streukomponente zuriickzufiihren zu sein, die bis herunter zu Temperaturen des fliissigen 


Heliums vorhanden ist. J. Phys. Chem. Solids 1, 39-41 (1956) 


DER HALLEFFEKT BEIM SILBER-PALLADIUM LEGIERUNGSSYSTEM 


A. I. SCHINDLER 


AN einem Silber-Palladium Legierungssystem wurde der Hallkoeffizient bei Zimmertemperatur 
gemessen. Die auf Grund eines Einbandmodells berechnete Zahl der effektiven Leitfahigkeitselek- 
tronen wird mit der bei einem Kupfer-Nickel System gefundenen verglichen und ein ahnliches 
Verhalten festgestellt. Die Ergebnisse kGnnen mit keinem der seither zur Berechnung des Hail- 
koeffizienten vorgeschlagenen Mehrbandmodelle erklart werden. 


JF. Phys. Chem. Solids 1, 42-44 (1956) 


UNTERSUCHUNGEN UBER FERROMAGNETISCHE UND 
ANTIFERROMAGNETISCHE UMWANDLUNGEN ZWEITER ORDNUNG 


J. A. HOFMANN, A. PaskIn, K. J. TAverR, und R. J. WElIss 
Zur Abtrennung des magnetischen Anteils der spezifischen Warme bei ferromagnetischen und 


antiferromagnetischen Stoffen wird ein Verfahren beschrieben. Bei der Untersuchung antiferro- 
magnetischer Salze wird gefunden, dass sich die spezifischen Warmen binarer Salze durch zwei 


Debye-Funktionen wiedergeben lassen. Fiir ferromagnetische und antiferromagnetische Stoffe 
wird die gesamte Ordnungsenergie W bestimmt Das Verhialtnis W/NRT; stimmt gut mit den 
Berechnungen dieser Gréssen nach der Methode von Opechowski und Bethe-Peierls-Weiss-Li, 
der das Heisenbergsche Modell zu Grunde Liegt, itiberein. Das Austauschintegral / wird aus W 
berechnet. Bei Nickel und Eisen ist / kleiner als der aus Messungen der Sattigungsmagnetisierung 
bei tiefen Temperaturen nach der Spinwellentheorie berechnete Wert. Jedoch sind bei Gd beide 
Werte gleich gross. Bei isomorphen antiferromagnetischen Verbindungen liegen die Werte fiir 


J], wenn gegen den Spin aufgetragen, auf glatten Kurven. 
JF. Phys. Chem. Solids 1, 45-60 (1956) 
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WIDERSTAND UND PARAMAGNETISMUS BEIM UBERGANG ZUR SUPRALEITUNG 


James C. THOMPSON 


EXPERIMENTE liber die longitudionale Magnetisierung und den Widerstand von Indiumstaben im 
supraleitenden Zustand werden beschrieben. Ein grosser elektrischer Strom, ein kleines mag- 
netisches Feld und konstante Temperatur waren die Gleichgewichtsbedingungen, bei denen die 
Messungen durchgefiihrt wurden. Der Zusammenhang zwischen Widerstandszunahme und dem 
Auftreten des “‘paramagnetischen Effektes’’ wird gezeigt. Der Verlauf der Kurve ergibt sich ent- 
sprechend der von H. MEISSNER vorgeschlagenen Theorie. Der Paramagnetismus erreicht ein 
Maximum, wenn der Widerstand annahernd die Hialfte seines normalen Wertes betragt 


J. Phys. Chem. Solids 1, 61-64 (1956) 


ABSORPTIONSSPEKTREN VON FREMDATOMEN IN SILIZIUM 
Gruppe-III Akzeptoren 


BuRSTEIN, G. Picus, B. HeNvis, und R. WALLIS 


Das Absorptionsspektrum von Fremdatomen der dritten Gruppe in Silizium erméglicht bei 
tiefen Temperaturen eine Aussage iiber die Ionisierungsenergien und angeregten Zustande der 
Beimengungen. Die optischen Werte der Ionisierungsenergien von Bor (0,046 eV) und Indium 
(0,154 eV) sind in guter Ubereinstimmung mit den thermischen Werten. Die optischen Werte 
von Aluminium (0,67 eV) und Gallium (0,71 eV) sind jedoch betrachtlich grésser als die thermischen 
Werte. Unterschiede zwischen den Ionisierungsenergien innerhalb der Beimengungen der Gruppe 
III sind von Unterschieden im Charakter der Anregungsund Fotoionisierungsspektren begleitet. 
Die Termschemata fiir die Beimengungen werden aus der Lage der Anregungsbanden abgeleitet; 
dabei wird angenommen, dass der 4p-Zustand bei allen Verunreinigungen der Gruppe III derselbe 
ist. Abgesehen vom Auftreten einer Feinstruktur scheinen die p-ahnlichen Zustaénde einem ein- 
fachen Wasserstoffmodell zu gehorchen. Aus der Lage der p-Terme wird fiir die Defektelektronen, 
unter Zugrundelegung der Energieterme eines Wasserstoffmodells, eine effektive Masse von 0,045 
berechnet. Wechselnde Oszillatorstarken der Anregungsbanden innerhalb der Beimengungen der 
Gruppe III werden den Veranderungen in Lage und Charakter der 1s-Terme zugeschrieben 
Dies findet seine Erklarung durch Vorginge am Fremdatom, die das Versagen der Methode der 
effektiven Masse zur Folge haben. Die Faktoren, die bei einer vollkommeneren theoretischen 
Behandlung der Verunreinigungszentren beriicksichtigt werden miissen, werden besprochen. 
JF. Phys. Chem. Solids 1, 65-74 (1956) 


ABSORPTIONSSPEKTREN VON FREMDATOMEN IN’ SILIZIUM I] 


Gruppe-V Donatoren 


G. Picus, E. BursTetn, und B. HENvis 


Dig infraroten Absorptionsspektren neutraler Verunreinigungszentren vom n-Typ (P, As, Sb) in 
Silizium wurden bei den Temperaturen des fliissigen Heliums gemessen. Ionisierungsenergien 
und 'Termschemata dieser Stoffe wurden aus den Ergebnissen bestimmt. Folgende lonisierungs- 
energien wurden gefunden: P : 0,0503 eV ; As : 0,0533 eV ; und Sb : 0,0426 eV. Diese Werte 
sind rund 10 % grdésser als die thermischen Ionisierungsenergien. Die Unterschiede kénnen teil- 
weise durch (1) einen Franck-Condon-Effekt und (2) durch die Gegenwart tiefliegender angeregter 
Zustainde geklart werden. Die Lagen der angeregten p-Zustainde der Fremdatomzentren befinden 
sich beziiglich ihrer relativen Lage zum Leitfahigkeitsband alle ungefahr in derselben Stellung 
Dies ist in guter Ubereinstimmung mit den Ergebnissen von KoHN und LUTTINGER, die has Frem- 
datom mit der Methode der effektiven Masse behandeln. Die beobachteten Unterschiede zwischen 
den verschiedenen Fremdatomen werden Abweichungen im effektiven Potential in der unmittel- 
baren Umgebung der Fremdionenfelder zugeschrieben. Diese Unterschiede werden in der Methode 
der effektiven Masse nicht beriicksichtigt. J. Phys. Chem. Solids 1, 75-81 (1956) 
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DIE STRUKTUR DER ENERGIEBANDER BEI GERMANIUM UND SILIZIUM VOM 
p-TYP 


O. KANE 


Fir die drei Valenzbander von Silizium und Germanium wird der Energieverlauf aus den Para- 
metern der Zyklotron-Resonanz-messungen bestimmt. Die Energie bei k = 0 wird, verglichen 
Aufspaltung infolge der Spin-Bahnkopplung, nicht als klein angenommen, sodass keine para- 
bolischen Bander entstehen. Die obige Rechnung folgt aus der Betrachtung des ersten Gliedes 
einer Entwicklung von k . p und der Spin-Bahnkopplung als St6rungen. Die Beitrage von Gliedern 
héherer Ordnung werden untersucht und nur fiir Germanium, nicht aber fiir Silizium als wichtig 
gefunden. Matrixelemente fiir direkte optische Uberginge zwischen den Valenzbindern werden aus 
den Konstanten der Zyklotron-Resonanz berechnet. Das Absorptionsvermégen freier Ladungstrager 
wird aus der berechneten Bandstruktur ermittelt und mit neuen experimentellen Ergebnissen 
von R. Newman fiir Germanium verglichen. Eine Korrektur fiir die Rechnung mit aufgespaltenen 
Valenzbaindern wird abgeschiatzt, wobei die experimentellen Ergebnisse verwendet werden. 
Fiir die St6érungsrechnung bei Entartung werden Formeln abgeleitet, falls zwei St6rungen ver- 
schiedener Ordnung vorhanden sind F. Phys. Chem. Solids 1, 82-99 (1956) 


THERMISCHE AKZEPTOREN IN GERMANIUM 
Harry Letaw, Jr. 


‘THERMISCHE Akzeptoren in Germanium werden als Leerstellen mit einer Bildungsenergie von 2 eV 
ermittelt. Die Vorgiinge beim Anlassen von Germanium mit thermisch erzeugten Akzeptoren 
werden durch ein Modell beschrieben, das als erste Stufe die Bildung von Doppelleerstellen annimmt. 
Die Aktivierungsenergie fiir die Bildung einer Doppelleerstelle betragt 1,7 eV. Dieser Betrag 
besteht aus 0,96 eV fiir die Diffusion einer Leerstelle und 0,7 eV fiir die Fernwechselwirkung 
zweier Leerstellen. Die Bildungsenergie und Bindungsenergie einer Doppelleerstelle betragen 
1,1 bzw. 2,9 eV. Der Diffusionskoeffizient einer Doppelleerstelle kann méglicherweise durch 


Dry 0,1 exp(2,2/kT) cm?/sec wiedergegeben werden. Bei den Temperaturen des Trockeneises 
nimmt eine Leerstelle ein Elektron und eine Doppelleerstelle vier Elektronen auf, wahrend es 
bei Raumtemperaturen ein bzw. zwei Elektronen sind. In der zweiten Stufe des Anlass prozesses 
kommt es zur Bildung von Vierergruppen, deren Bildungsenergie 2,8 eV betragt. Bei weiterem 
Anlassen kann die Bildung von Gruppen héherer Ordnung stattfinden. Die Eigenschaften des 
Modells werden mit den Experimenten anderer Autoren verglichen. Es wird gezeigt, dass es 
sowohl dem langsamen Verlauf des Anlassens als auch der anfanglichen Zunahme der Akzeptoren- 


dichte, wie sie haufig wahrend des Anlassens beobachtet wird, Rechnung tragt. 
JF. Phys. Chem. Solids 1, 100-116 (1956) 


PARAMAGNETISCHE RESONANZABSORPTION VON Mn IN 
ZINKBLENDEEINKRISTALLEN 


M. MATARRESE und CHIHTRO KIKUCHI 


Diez Anisotropie des paramagnetischen Absorptionsspektrums von Manganionen in eniem natiir- 
lichen kubischen Zinksulfidkristall erwies sich als besonders stark. Die grésste Breite einer Hfs- 
Gruppe betragt 45 Gauss, wobei sich die Starken der Komponenten naherungsweise wie 8 : 5 : 9 
: 5:8 verhalten. Diese Aufspaltung der Intensitat ist zu erwarten, falls quadratische Glieder im 
elektrischen Feld des Kristalls ausschlaggebend sind. Die Spektren wurden bei Feldstarken von 
etwa 8,500 Gauss und bei einer Mikrowellenfrequenz von naherungsweise 24 000 Mc/sec beo- 
bachtet. Die Winkelabhangigkeit wurde durch Andern der Richtung des Magnetfeldes in den 
(100), (110) und (111)-Ebenen des Kristalls ermittelt. Die experimentellen Ergebnisse zeigen, 
dass das elektrische Feld des Mn*+-ions kubische Symmetrie besitzt. Die kubische Anisotro- 
piekonstante betragt a 1.39 Gauss. Das Vorzeichen wurde bestimmt aus der Abhangigkeit 
des Hfs-Spektrums von der kernmagnetischen Quantenzahl. Die Hyperfeinstrukturkonstante 
A betragt 68,4 Gauss. Fiir das Spektrum des Manganions in hexagonalem Zinksulfid wird eine 
Dublettstruktur vorhergesagt. J. Phys. Chem. Solids 1, 117-127 (1956) 
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Abstract 


The preparation of the intermetallic compounds Bi,Te3, Sb,T'2,;, and As,Te,; from 


purified elements by several techniques is discussed. Advantages and disadvantages of the various 
techniques are enumerated. Electrical and thermal properties are presented as functions of tempera- 
ture and impurity concentration. The variation of carrier mobility with temperature is approximately 
T-5/? for AspTe; and Bi,T es. An anomalous variation of Hall coefficient with temperature is observed. 
The thermal conductivities of the three compounds are similar. It is suggested that the compounds 
are necessarily heavily doped semiconductors because Group-V atoms appear on tellurium lattice 


sites and tellurium atoms appear on Group-V atom lattice sites. 


1. INTRODUCTION 

For the past several years, Battelle has been 
investigating the properties of various semi- 
conducting compounds. In a previous publica- 
tion”) it was shown that the properties of InSb, 
after zone melting, depend markedly on the purity 
with respect to slowly segregating impurities of 
the component elements, indium and antimony. 
In this paper, it is shown that for the Group-V 
tellurium compounds, high purity is not achieved 
even by use of very-high-purity elements and with 
various special preparation techniques. It is 
suggested that the lowest obtainable impurity 
concentration is the wrong atom defect level. 

Section 2 of this paper is concerned with the 
purification of the elements. It is shown that pure 
tellurium can be obtained by distilling in a stream 
of hydrogen. Section 3 deals with the various 
preparation techniques used for the compounds. 
Also the problem of deviation from stoichiometry 
is discussed. In this section, it is shown that 
small additions of excess tellurium to the stoichio- 


* This work was supported by the Tellurium Deve- 
lopment Committee. Preliminary accounts were presen- 
ted by H. L. Gorrine at the October meeting of the 
Electro-chemical Society, 1955, and by T. C. HARMAN 
at the November meeting of the American Physical 
Society, 1955, and at the October meeting of the Electro- 
chemical Society, 1956. 
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metric compound yields n-type material. The 
advantages and disadvantages of various pre- 
paration techniques are discussed. 

Some electrical and thermal properties of the 
three compounds are presented in Section 4. An 
anomalous variation of Hall coefficient with tem- 


perature is noted. The variation of carrier mobility 
with temperature is similar to that found in the 
lead compounds. The thermal conductivities of 
the three compounds are similar. Also, the 
thermoelectric-power values for the same impurity 
concentrations are nearly the same. The final 
section includes a discussion and summary of the 


results. 


2. PURIFICATION OF THE ELEMENTS 


Purification of tellurium 

Various methods for the purification of tel- 
lurium have been reported in the literature. A 
chemical method®) which has been used involves 
solution of tellurium in concentrated nitric acid, 
precipitation and ignition of the basic nitrate, and 
reduction of the TeO, by sulfurous acid. This 
procedure is time consuming but serves to reduce 
the metallic impurity content. Another widely 
used method for tellurium purification is distil- 
lation in various inert atmospheres. The use of 
zone melting has also been reported. 
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We have used distillation in a hydrogen atmo- 
sphere for the work reported here. The apparatus 
(shown in Fig. 1) is composed of a large Vycor 
tube which holds two Vycor boats. Boat E con- 
tains the starting material and Boat F collects the 











Schematic diagram of tellurium distillation 
apparatus 

Hydrogen tank 

Deoxo unit. 

Drving tower 

Vycor tube 

Vycor boat containing crude teliurium 

Vycor receiving boat 

Cold finger 

Exhaust. 


purified tellurium. A cold finger is supported 
above the receiving boat. Hydrogen, purified by 
passing through a Deoxo unit and a magnesium 
perchlorate drying tube, is passed through the 
Vycor tube while the section containing the crude 
tellurium is heated to about 700°C. The stream of 
hydrogen carries the tellurium vapor along the 
tube until it is deposited on the cold finger, which 
is cooled by a rapid flow of air. After most of the 
original tellurium has been transferred, heating is 
discontinued in this region and the tellurium 
that has been deposited on the cold finger is 
melted and collected in the receiving boat. After 
the Vycor tube has cooled slowly to room tem- 
perature, specimens are cut from the tellurium 
and analyzed. The effectiveness of this method is 
illustrated in Fig. 2. which is a plot of the con- 
centration of ionized impurities (as determined 
by Hall measurements) as a function of the 
number of The starting tellurium 
grade 5x 16*" 


carrier 


distillations. 


was cp and contained about 


carriers/cm?. 5 distillations, the 
concentration was reduced to approximately 
4» 10! carriers/cm’*. 

Since this process is carried out under atmo- 
spheric pressure and at 700°C, which 1s approxi- 
mately 300 degrees below the boiling point of 
tellurium, it is probably more closely related to 
evaporation or molecular distillation processes 
than to normal distillations. 

Although we have not done extensive work on 


zone purification of tellurium, we have found that 
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Fic. 2. Concentration of ionized impurities as a function 
of number of distillations. 


the process is more time consuming than the 
distillation process and that the degrees of purity 
achieved with both processes are comparable. 


Purification of bismuth and antimony 

Bismuth of 99-99 per cent purity obtained 
from the American Smelting and Refining Com- 
pany and antimony of 99-99 per cent purity 
obtained from the Bradley Mining Company 


were spectrographically pure after extensive zone 
melting. Further evidence of the high purity of 
the antimony was obtained by preparing very- 
high-purity InSb from this antimony and very- 


high-purity indium. 


Purification of arsenic 

Techniques for obtaining pure arsenic have 
recently been reported.) In our studies, it was 
found that spectrographically pure arsenic could 
be obtained by vacuum sublimation, However, 
this arsenic invariably contained large concentra- 
tions of sulfur. It was further found that the sulfur 
content could be reduced by subliming in a stream 
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of hydrogen. The sulfur content could be reduced 
also by subliming the arsenic into molten lead. 
The purity of the arsenic was verified by preparing 
InAs from the purified arsenic and very-high- 
purity indium. The electrical properties of InAs 
prepared from this arsenic are given in reference 4. 
Spectrographically pure arsenic with a low sulfur 
content was used in this investigation. 


3. PREPARATION OF THE COMPOUNDS 
There are numerous techniques for preparing 
semiconducting compounds. Advantages and dis- 
advantages in the application of some of these 
techniques to the preparation of Bi,Te, are now 
discussed. 


A. Zone melting of Bi,Te, with 300°K ambient 
temperature 

Zone melting with 300°K ambient temperatures 
has recently been successfully applied to the 
compound InSb.@) Hence, it was expected that 
the same technique would be applicable to Bi, Tes. 
Although Bi,Te, has a melting point only 55°C 
higher than InSb, dissociation in the liquid state 
resulted in large losses of tellurium through 
evaporation and condensation in cool portions of 
the container. 

Bismuth and tellurium in weights corresponding 
to the stoichiometric composition of Bi,Te, were 
sealed in a tube. The elements were reacted to 
form the compound and the compound was then 
quenched in oil. The resulting ingot was placed 
in a Vycor boat which was placed in a Vycor tube. 
Pure dry hydrogen at two pounds gage pressure 
was sealed in the tube and one zone-melt pass was 
made at 9 cm/hr with a zone length of one-third 
the ingot length. The molten zone was maintained 
by means of an induction heater. It was observed 
that much tellurium was lost through evaporation 
to the colder portions of the tube. Examination 
of the ingot with a thermoelectric probe showed 
that the entire ingot was p-type. The resistivity 
as a function of distance along the ingot is shown 
in Fig. 3. The decrease in resistivity from 2-4 
10-8 to 1-4 10-% ohm-cm is probably due to a 
greater excess of bismuth at the end last to freeze, 
since tellurium was continually lost through 
evaporation during the zone pass. ‘To this same 
ingot, 1 weight per cent excess tellurium was 
added to the first zone and a zone pass was made. 
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iO weight per cent Te added to 
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Stoichiometric ‘Bi, Te; 


6 


Resistivity, ohm-cm 
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Fic. 3. Resistivity as a function of distance along an 
ingot for bismuth telluride zone melted at an ambient 
temperature of 300°K. 


The resistivity as a function of distance along the 
ingot is also shown in Fig. 3. The entire ingot was 
again p-type. This technique of preparing Bi,Te, 
is considered unsatisfactory because the loss of 
tellurium through evaporation results in ingots 
of varying compositions. 


B. Preparation of Bi,'Te, by the Bridgm an technique 
A technique for preparing semiconducting com- 
pounds that minimizes the loss of the volatile 
constituent is the Bridgman method. With this 
technique, the material to be crystallized, con- 
tained in a cone-tipped tubular capsule, is dropped 
(point first) slowly through a furnace from a zone 
well above its melting point, across a sharp 
temperature gradient, to a zone well below that 
temperature. 

Nearly stoichiometric Bi,Te, was placed in a 
crystal-growing tube and sealed under approxi- 
mately 1/4 atmosphere of hydrogen. The Bi,Te, 
was dropped through the Bridgman furnace from 
a zone at 625°C to a zone at a temperature below 
the melting point of the compound (580°C). The 
rate of descent was 1 cm per hour. The resistivity 
as a function of distance along the ingot is shown 
in Fig. 4. 

It is seen that the resistivity increases and finally 
crosses over from p-type to n-type at the end of 
the ingot last to freeze. This resistivity behavior 
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is opposite to that observed for ingots prepared 

by zone melting in an open tube and may be 

explained by assuming that the maximum melting 
th 
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naterial last to freeze.) 
[his technique of preparing Bi,Te, is not con- 
sidered satisfactory because, even though vapori- 
tellurium from the compound was 
a variation in properties along the 
AINSWORTH") has indepen- 


zation of 
minimized, 
ingot was observed. 
dently arrived at this conclusion also. 

ambient 


Zone melting of high 


temperatures 


Bi,Te, at 


The zone melting of decomposing solids has 
been discussed recently.(* 7) Zone melting of such 
compounds can be carried out effectively by 
providing a high ambient temperature. The entire 
container is kept at a temperature high enough 
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Fic. 5. Apparatus for zone melting at high ambient 


temperatures 


PARIS, S. E. 


MILLER, AND H. L. GOERING 

to prevent condensation of the volatile con- 
stituent which is present because of dissociation 
of the compound. The technique was applied to 
Bi,Te,. A diagram of the apparatus is shown 
in Fig. 5. Fig. 6 shows the temperature profile 
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Fic. 6. Temperature profile as determined by optical 
pyrometer as a function of distance along inductively 
heated graphite cylinder shown in Fig. 5. 


along the graphite cylinder. Although the profile 
was determined at temperatures higher than are 
used for Bi, Tes, it illustrates the sharp temperature 
gradients which can be obtained. 

The resistivity of Bi, Te, as a function of distance 
along ingots initially containing 0-0, 0-5, 1-0, and 
2-0 atomic per cent excesses of tellurium is shown 
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Fic. 7. Resistivity of Bi,Te, as a function of distance 

along ingots containing 0-0, 0-5, 1-0, and 2-0 atomic 

Te. (A = 0, corresponds to material 
first to freeze.) 
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in Fig. 7. It is seen that the resistivities are con- 
stant along the ingots, within experimental error. 
Also, the data show that the ingots change from 
p-type conduction to n-type conduction between 
1 and 2 atomic per cent excess tellurium. One zone 
pass for each ingot was made with a 2 to 3-cm 
zone length at a rate of 1-7 cm/hr. The resistivities 
were unchanged after multiple passes, indicating 
that the solid, liquid, and vapor had reached an 
equilibrium state. The number of charge carriers 
in the uniform resistivity ingots are approximately 
10'9/cm*®. It is known that a some-what similar 
preparation technique used on InSb results in 
10* charge carriers/cem*®, The purpose of the 
following experiments was to determine the origin 
of the charge carriers in Bi,Te,. Their origin is 
very probably either (1) foreign impurity atoms 
originating in the bismuth or tellurium or (2) 
bismuth atoms, tellurium atoms, or both, not in 
their correct lattice sites. 

It is desirable to know the effect of foreign 
impurity atoms on the electrical properties of 
undoped Bi,Te,. The number of atoms per cm® 
of Bi,Te, is calculated to be 2:9 10?2/cm? from 
Avogadro’s number, density, and the molecular 
weight. The number of charge carriers found in 
Bi,Te,; specimens is approximately 1 10!°/cm* 
from the relationship » = 1/Re, where n is the 
number of charge carriers, R is the Hall coeffi- 
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Fic. 8. Resistivity as a function of distance along the 
zone-melted ingot for Pb-doped and _ Bi,Se3-doped 
Bi,Te; ingots. (A = 0, corresponds to material first to 
freeze.) 
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cient, and e is the charge on an electron. Thus, 
even if a particular impurity does not preferen- 
tially replace bismuth or tellurium atoms in the 
lattice, there is one charge carrier for each 2900 
bismuth and tellurium atoms. Since the purity 
of the starting materials used is estimated to be 
of the order of 1 part per million molecules of 
Bi,Te, it is very unlikely that the charge carriers 
originate from foreign impurity atoms. 

Further evidence was obtained in doping experi- 
ments to support the hypothesis that foreign 
impurity atoms are not the source of charge car- 
riers in Bi,Te, prepared from pure elements. 
Bismuth telluride was doped with lead and 
Bi,Se,. The resistivity as a function of distance 
along the doped zone-melted ingots is shown in 
Fig. 8. It is seen that the resistivity of the doped 
ingots is not constant along the bar. It is con- 
cluded that Bi,Te, with small impurity additions 
of lead and Bi,Se, gives a different resistivity 
behavior as a function of distance along the ingot 
than does undoped Bi, Tes. 

The constant variation of 
undoped zone-melted ingots can be explained by 
assuming two opposing effects, (1) the result of 
the maximum melting point in the bismuth- 
tellurium system occurring at a nonstoichiometric 
composition and (2) the redoping of the ingot 
by the volatile constituent through the vapor 


resistivity along 


phase. 


D. Vertical zone melting in a closed capsule 

For some systems, it is possible to prevent 
redoping through the vapor phase by zone melting 
in a closed capsule. The apparatus used for such 


experiments is shown in Fig. 9. The system has 
been used effectively for zone melting As,Te,. 
For most semiconducting compounds, the liquid 
is more dense than the solid; hence, melting the 
tip or lower part of the ingot results in a void 


between the liquid and solid. If as is usually the 
case, the solid to be melted seals the vapor in the 
void, effective purification can be obtained without 
redoping through the vapor phase. This method 
was the only technique successful in the pre- 
paration of large homogeneous crystals of As,Te;. 


E. Quench and anneal technique 
Even if exact stoichiometry were obtained in the 
recrystallized solid, high purity might not be 
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9. Diagram of apparatus used for preparing AsoTes. 
achieved, for a bismuth atom may, upon recrystal- 
lization, occupy a tellurium lattice site and vice 
versa. These atoms would act as impurities. For 
each semiconducting compound there is an in- 
trinsic number of constituent 
which act as impurities. This concentration level 


atoms of each 
we define as the wrong atom defect level. This 
wrong atom defect level will be different for each 
constituent of the compound and will be a function 
of such quantities as crystallization variables, 
temperature, and pressure. 

One would expect the wrong atom defect levels 
to be lower at temperatures below the melting 
point of the compound. Thus, annealing at tem- 
peratures below the melting point should produce 
a purer the diffusion of 
bismuth and tellurium atoms in single crystals of 


material. However, 
Bi,Te, below the melting point is extremely slow, 
and relatively long times are required to prepare 
large homogeneous crystals. In quenched material, 
complete diffusion is much more rapid because 
of the presence of grain boundaries and small 
crystallites. In Bi,Te,, the diffusion processes are 
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quite rapid in quenched material, and specimens 
equivalent in electrical properties to single-crystal 
Bi,Te, can be obtained. By this technique, 
relatively small concentrations (0:25 atomic per 
cent) of excess bismuth or lead gave low-resistivity 
p-type Bi,Te, (< 1-0 10-* ohm-cm) and excess 
tellurium or iodine yielded low-resistivity n-type 
material. 


4, ELECTRICAL AND THERMAL PROPERTIES OF 
Bi,Te, Sb.Te,, AND As,Te,; 
A. Resistivity of Bi,Te,, Sb,Tes, and As, Te, 

The resistivity of the compounds was measured 
as a function of temperature by conventional 
methods. Pressure contacts were satisfactory for 
Bi,Te, and Sb, Te, but gave spurious results for 
As,Te,. For last compound, consistent 
reproducible measurements were made with tin- 
soldered contacts. The polycrystalline ingots of 
As,Te, are mechanically weak. To minimize the 
cutting and lapping, measurements were carried 
out on cylindrically shaped specimens. 


this 


[ intrinsic resistivity, E, =Ol6eV.~ 
4 
+ + 4 


u 





5 


Resistivity, ohm-cm 


a 


of--- 





35, 


Fic. 10. Resistivity as a function of temperature for 
one n-type and two p-type specimens of Bi,Tes. 


Fig. 10 shows the resistivity measurements on 
two p-type specimens and one n-type specimen of 
Bi,Te,. From the intrinsic resistivity slope, a 
value for the energy gap of 0-16 eV is calculated. 
This value is in good agreement with the 0-15 eV 
obtained from infra-red absorption by Austin. 
The decrease in resistivity in the extrinsic region 
as the temperature is lowered is due to a rapid 
increase in mobility as the temperature decreases. 
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In Fig. 11, the resistivity of one p-type specimen 
of Sb, Te, and two specimens of As,Te, are shown 
as a function of temperature. It is seen that the 
behavior is quite similar to Bi,Te,. However, the 
intrinsic resistivity region was not attained be- 
cause of the high impurity concentration of the 
specimens, The carrier concentration in Sb,Te, 
is limited to approximately 7 x 10!*/cm* probably 
because of the high wrong atom defect level. 
The attainable carrier concentration in As,Te, 
is much lower. However, the low melting point 
of the compound limits the temperature range of 
measurements. 


B. Hall coefficient and mobility of As, Tes 

The Hall coefficient of three As,Te, specimens 
between room temperature and 80°K is shown in 
Fig. 12. Unfortunately, the purest specimen was 
damaged before more extensive measurements 
could be carried out. The specimens were pre- 
pared by vertical zone melting in a sealed tube. 
The behavior of the Hall coefficient of the two 
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Fic. 13. Comparison of the mobility 
carriers in p-type and n-type As,T'e, 
O n-type Bi,Te3. 
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A p-type As,Te. 
/\ n-type PbS. (Data from Perritz and SCANTON 

Phys. Rev. 97, 1620 (1955).) 
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Table 1. Summary of Salient Features 


Measured Carrier 
Concentration at 
300°K, 

< 10-18, cm 


Measured Mobility 
Values at 
300°K, 


cm,/volt-sec 


Energy 
Gap, 
eV 


3 
18 
40 


170 
80 


Me, Ney 


Nh 


60°C. The p-type specimen, Specimen 46, has a 
thermoelectric power maximum of 170 pV/°C, 
also occurs at 60°C, The thermoelectric- 
crossover from p-type to n-type occurs at 


which 


power 


398 , p-type | 


64, n-type 


v 
°C 
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Thermoelectric Power 








Fic. 14. Thermoelectric power as a function of tempera- 
ture for one n-type and two p-type specimens of Bi,Tes. 
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of As,Te3, Sb,Te, and Bi, Te, 


Thermal 
Conductivity, A 
watt/(cm) (°C) 


n-type 


Impurities Impurities 


0-025 


Excess As Excess Te, I 


m,/m ~ 0-50 


| 


| Excess Sb 0-048 


Excess Bi, Pb | Excess Te, I 0-021 


250°C. The other p-type specimen has a thermo- 
electric-power maximum of 210 ywV/°C, which 
occurs at about room temperature. ‘The crossover 
temperature is 180°C. 

It is seen that the thermoelectric power in the 
extrinsic region decreases rapidly with decreasing 
temperature. WriGHT®) and others give the 
well-known equation for thermoelectric power in 


the extrinsic region as 
Fp, (7) 
: — Tp is (1) 
F,)(n) 


(2+1) 
O =—k/e | . 
(1+r) 
where Q is the thermoelectric power 
k/e is a constant equal to 86-3 wV/°C 
7 is the reduced Fermi level 
F,, F,,, are Fermi-Dirac functions 
r is the power dependence of the mean free 
path on electron energy. 


For acoustical mode scattering, r = 0 and for 
scattering from optical modes,“!) r= 1. Sub- 
stituting in equation (1), a more rapid decrease in 
thermoelectric power with temperature is obtained 
with r = 1 then with r = 0. However, the obser- 
ved decrease is somewhat greater than the cal- 
culated values. Using the 300°K experimental 
values of thermoelectric power and Hall coefh- 
cient and equation (1) with r = 1, effective mass 
values of m,/m =0-32 and m,/m = 0-46 are 


Thermoelectric 
Power/Effective 
Masses 


m,/m ~ 0-36 


m,/m ~ 0°34 


m,/m ~ 0:32 
m,/m ~ 0-46 


Figure of 
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Preparation 
Techniques 


p-type, > 0-016 
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melting n-type, 


Bridgman technique p-type, 
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annealing technique 


> 0-041 
> 0:048 
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n-type, 
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zone melting 


obtained. These effective mass values are con- 
siderably lower than those obtained by other 
investigators, “?: 13) In view of the anomalous Hall 
coefficient behavior, the uncertain dominant 
scattering mechanism, and the complex structure 
of the compound, the above interpretations are 
speculations. 

Thermoelectric-power measurements were ob- 
tained for As,Te, and Sb,Te, over the tempera- 
ture range 280°K to 350°K. For the purer speci- 
mens of As,Tes, the thermoelectric power was 
230 to 260 »V/°C at 300°K for both n-type and 
p-type. For p-type Sb, Tes, values of 80 u.V/°C were 
measured at 300°K. 


D. Thermal conductivity of AsyTe, and Sb,Te, 

The thermal conductivity of the two As,Te, 
specimens and the p-type Sb,T’e, was measured 
by the comparison method over a temperature 
range from 240°K to 400°K. The thermal con- 
ductivity of the n-type specimen was 0-025 
watt/cm-°C at 300°K, while that of the p-type 
specimen was slightly greater, 0-027 watt/cm-"C. 
The thermal conductivity of the Sb,Te, was 
0-047 watt/cm-°C. The considerably higher value 
for Sb,Te, could be due in part to an increase in 
the electronic component of the thermal con- 
ductivity. Measurements for Bi,Te, were in the 
range reported by GoLpsmip.“*) 
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5. DISCUSSION AND SUMMARY 

A summary of the salient features obtained for 
the compounds As,Te,, Sb,Tes, and Bi,Te, are 
given in Table 1. Because of the recent interest in 
thermoelectric applications, the figure of merit, 
e, for these materials has been included. As in- 
dicated in the table, a maximum value has not 
been obtained for any of the compounds, The 
carrier mobilities decrease with decreasing atomic 
weight of the varying constituent of the tellurium 


compounds. The effective masses are similar. 


However, in view of the uncertainties in the cal- 
culations, this may be fortuitous. 

It is seen that excesses of the Group V element 
results in p-type material, while excesses of the 
Group VI element results in n-type for Bi,Te, 
and As,Te,. In the case of Bi,Te,, if a bismuth 
atom occupies a tellurium lattice site, one might 
expect the atom to contribute a hole to the con- 
duction. Also, if a tellurium atom occupies a 
bismuth lattice site, one might expect a contri- 
bution to the electron conduction. Thus, the high 
concentration of carriers in this material could be 
due and/or tellurium atoms in the 
wrong lattice sites. Further evidence for the latter 
hypothesis is the atom size and 
valency and the large solid solubilities of excess 


to bismuth 
similarities in 


tellurium and excess bismuth in the compound. 
It is concluded the carrier concentration in these 
atom 
com- 


compounds is determined by the wrong 
defect of the constituent elements of the 
pound. 


Since the optical and electrical energy gaps 
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agree within experimental error, one would 
expect the minimum of the conduction band and 
the maximum of the valence band or bands to 
occur near k = 0 in momentum space. Finally, 
it is suggested that the compounds As,Tes, 
Sb,Te;, and Bi,Te, are necessarily heavily doped 
semiconductors. 
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Abstract—The depression of the magnetic threshold of tin by uniform dilatation has been measured 
by a differential method using liquid helium as pressure-transmitting medium. The temperature 
dependence of the depression follows the similarity principle approximately. The effect of shear 
was shown to be negligible by straining a hollow tin cylinder in torsion. A simple phenomenology is 
given relating the effects of pressure, shear, and tensile stresses, suggesting that the threshold field 
of a tin crystal is changed 2-6 times as much for unit strain along the tetrad axis as for unit strain in 
the basal plane. Thallium is anomalous in that its threshold is raised by pressure, independent of its 
state of cold work. The depression of the mercury threshold by pressure falls off less slowly with 
temperature than similarity requires indicating pressure-induced changes in its electronic structure. 
The following values were found for (@H-/0p)7r, in units of 10-* oersted atm~!: For Sn: —6:56+0:-15; 
for Tl: 3:10+0-15; for Hg: —8-30+0-20; for Ta: —3:5+0-4. 


1. INTRODUCTION 

THERE have been several experimental studies('~® 
in recent years of the effects of elastic strain on the 
superconducting transition. The point of view 
prompting many of these studies has been that 
strain is the simplest factor affecting the transition, 
next to the mass of the lattice ions. The stimulation 
which the discovery of the isotope effect has given 
to theories of superconductivity is well known. 

Most of the experimental work to date has dealt 
with the effects of hydrostatic pressure on the 
transition, although the effects of shear®) and 
tensile“) stresses have been examined as well. Tin, 
thallium, indium, mercury, and lead have been 
studied, the most extensive work being on tin. The 
measured shifts of the threshold curve are small, 
of the order of 10-5 degrees per atmosphere, in 
rough agreement with that first found by S1zoo 
and Onnes,@® and explored further in the later 
Russian work, () 

The experimental results agree in order of 
magnitude with the simple theory of Marcus, “*) 
who calculated the effect of pressure on the zero- 
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point amplitude of lattice vibrations by using the 
Griineisen relation. The depression of the super- 
conducting transition then follows from the 
Fréhlich-Bardeen theories. The simple theory fails 
in comparing the pressure effects among super- 
conductors, and does not include the possibility of 
a rise of the transition with pressure, as noticed 
for NiBi3, RhBi,,“) and T1.@ ® 

This paper presents in detail previously re- 
ported: 3) work on the effect of hydrostatic pres- 
sure and of pure shear on the tin transition. It also 
presents a simple phenomenology of the anisotropy 
discovered by GRENIER) in the tensile effect for 
tin, relating the data on tensile, hydrostatic and 
shear measurements. Finally, it presents measure- 
ments of the pressure effect for thallium, mercury, 


and tantalum. 


2. EXPERIMENTAL METHOD 
The use of liquid helium as pressure-trans- 
mitting medium assures purely hydrostatic pres- 
sure. However, because of the smallness of the 
effect on the transition due to the limited pressure 
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available below the solid helium line, either precise 
temperature control is required or the temperature 
sensitivity must be eliminated by other means. 
Pressure shifts the threshold of most super- 
conductors downward. In practice it is most 
difficult to apply pressure strictly isothermally, so 
that the consequent change in threshold field is the 
result of both temperature and pressure changes. 
Io determine the isothermal change in H, to 
within 1 per cent for a pressure change of 100 
atmospheres, the temperature drift must be less 
10-° degrees. To circumvent this severe 
requirement on temperature constancy comparison 
specimens are used, both kept at the same tem- 
perature. It is assured that the threshold curves of 
the two specimens are smooth and parallel, over 
the small temperature range of concern. Pressure 
is applied to only one specimen, and the difference 
n the threshold fields of the specimens is deter- 


mn 1s depressed is the isothermal difference in 
threshold field between the two specimens before 
and after application of pressure, irrespective of 


any (small) intervening temperature change. 


these principles is shown 
| 


Each specimen is contained in a separate 
Each 
of 0-001 in. 


coils tor suscepti- 


heavy-walled copper pressure vessel 
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The circuitry of Fig. 1 is self-explanatory. The oscillo- 

scope was not used in the measurements themselves, but 

provided auxiliary information on the fine structure of 

the superconducting transition. 

bath temperature was stabilized with a 
j Laboratory.“'* The 
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1. Pressure vessel details 


\ resistor cemented to the pressure body 
served as sensor below the A-point 
Temperature was deduced from helium vapor pres- 


1949 Mond Laboratory 


the A-point 


sure measurements using the 


tables.(14 

The experimental prepared from 
Johnson-Mathey tin of nominal purity 99-999 per cent 
The original bar stock was extruded into 2-mm wire. 


specimens were 


These wires were inserted into 2-mm precision-bore 
Pyrex tubing molds (lot I) or into spectrographic graph- 
ite molds previously vacuum outgassed at 1000° C (lot 
II). The wires were then grown into single crystals in a 
vacuum better than 10-5 mm of Hg, using the Bridgman 
technique. The crystals were lightly etched and visually 
examined for crystallinity, after which they were very 
carefully cut to length using a fine-tooth saw. As a final 
treatment the specimens were annealed for an hour at 
150° C. 

Because of the smallness of the effect of pressure on 
the magnetic threshold, a definition of the 
threshold is required. An isothermal magnetic transition 
of the tin cylinder 1A is shown in Fig. 2. This raw data 
plot displays secondary voltage versus current through 
the local field coil surrounding the specimen. 

For the purposes of this experiment the magnetic 
threshold was defined as the field at some arbitrary 


precise 
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secondary voltage usually midway between initial and 
final voltages—point Vy in Fig. 2. 

The widths of the magnetic transitions were those 
expected for specimens such as these, having de- 
magnetization coefficients of 0-0045; the zero-field 
width for Sn JA extrapolated to 0-03 oersted. 











Local field current 


Fic. 
at T 


2. Isothermal magnetic transition of sample Sn JA 
2:99°K with primary a.c. field of 0-04 oersteds 
(R.M.S.) 


These transitions were stabilized by holding the 
temperature constant to within 3 x10-* degrees, and 
further by so varying the current through the main field 
coil that the secondary voltage from the reference speci- 
men coil was held constant. Thus any residual tempera- 
ture drift was magnetically compensated for. 





deb. 
eK 


MN 


IN 


loersted 


IN 


Local field current 


WwW 








Pressure 


Fic. 3. Change of critical field of tin specimen JB with 


applied pressure; T = 3-315°K. 


O Increasing pressure. 
@ Decreasing pressure. 


In measuring the pressure effect, the reference speci- 
men (‘‘R’’) is held at a small fixed pressure, usually a 
few atmospheres. Pressure from the tank helium is 
applied to the specimen (‘‘M’’) to be measured, and the 
helium bath is allowed to equilibrate (usually 3—5 min- 
utes). The main field current is varied until the threshold 
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point for R is reached, then the local field current for M 
is varied until the threshold point for it also is reached. 
Due to small temperature drifts, both field controls 
must usually be manipulated until both threshold points 
are held concurrently. The local field current for M is 
noted, the pressure on M increased, and the procedure 
repeated. Fig. 3 is a graph of the data so obtained on 
specimen JB at T = 3-315°K. Pressures substantially 
above the freezing pressure of helium are not trans- 
mitted and no change in J is noted.* 

Extensive measurements proved that the slope of the 
I versus p plot did not depend on the a.c. frequency or 
amplitude, nor on the magnitude of the local d.c. The 
nature of the magnetic transition does depend, of course, 
on a.c. amplitude and frequency, as first studied by 
SHOENBERG.(!5) The ‘“‘peak’’, for instance, is caused by 
the dependence of the sample susceptibility on the in- 
stantaneous magnitude of the a.c. field, and disappears 
at sufficiently small values of this field. 


3. EXPERIMENTAL RESULTS: TIN 

The quantity of interest here is the isothermal 
change of threshold field with applied pressure, 
(0H,/ Cp) p, obtained from the least-squares slope 
of I vs. p. A plot of this quantity as a function of 
temperature appears in Fig. 4. Above 3-5°K the 
standard deviation of the measured values is about 
0-3 per cent, but the overall accuracy does not 


exceed +2 per cent. However, the mean of 5 points 


x10" oersted atm™' 


(S5H/dp), 


+ 


K 


. Temperature dependence of pressure—threshold 
field coefficient for tin. 

@ Present work. 

O Calculated from tensile data of Grenier. 


* In an earlier apparatus a constantan heater wire was 
carried through the pressure tubing into the specimen 
cavity and heated electrically, melting the solid helium 
near the wire. With this ‘‘hot-wire’’ technique pressures 
can be transmitted at least 20 atmospheres beyond the 
freezing line. 
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taken with specimen Sn JB above 3-6°K agreed 
with the mean of Sn JA to 1 part in 600. 

The increasing spread of the data as the temper- 

lowered is the result of three factors: the 

ing width of the magnetic transition, the 

hing range of pressures available with liquid 

and the appearance of definite small dis- 

uities in the transition. Thus, a set of three 

rs of the difference in threshold field would 

within 0-03 oersted at a field of 10 oersteds 

only 200 


These were typical values when an 


within 0-1 oersted at 


Hit 


ring field was 0-24 oersted r.m.s. at 


».s. When frequencies of 100 c.p.s. and higher 
3x when amplitudes down to 0.05 


oersted were employed, the reproducibility be- 
much worse. This is thought to be due to 


t 


Calc 
small discontinuities in the transition, perhaps 
0-01 to 0-1 oersted in magnitude, so that small 

a 


in applied field did not always result in 


I 


corresponding changes in average magnetization. 


These discontinuities are the limiting factor in the 
of this method at small values of 7/7,.* 


4. CORRELATION OF PRESSURE SHIFT WITH 
TENSILE SHIFT 

tly GRENTER“) has determined the transi- 

tion shift of tin caused by tensile stress. He mea- 

isothermal threshold field shift, AH, 

g on single crystalline rods of 

crystal orientations relative to the 

is linear in cos*@, where 6 is the 

1 1S and 


his data fit 


the stress (or 


the 


tensile stress. 


He-I] The J 
yus in both magnitude and slope 
traced to He-II heat flush 


r, changing the sample temper- 


region. 


The effect was still detect- 

nersed in the helium 
was changed f cm of 1-5 mm bore copper 
silver tubing. A 
in G.E. Research 


tne pressure 
tubing to 400 cm of 5-mm_ bore 
discussion of this 
report, 57-RL-1696. 


aetaied appears 


} 


Laboratory 
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There is no significant dependance on the azi- 
muthal angle ¢. 

GRENIER’S data may be correlated with the 
hydrostatic data by making the following assump- 
tion:“) the temperature shift is proportional to 
each of the principal lattice strains, with a possibly 
different factor of proportionality for each strain 
component. ‘Thus 


AH = hyp pt Rot yyARgesst Rye yst Rseezt Reley: 
(2) 
The matrix of the compliance coefficients for the 


tin crystals is 








It follows then that 
AH = [R,(S$1,4+ Sj.) +h3S33)(X2+Xy)+ 
+(2k,S,3+h3S33)Z,+RySq4( Ye+ Zz) + 
+ ReSogX y- (4) 


where the z-axis is the axis of symmetry. Because 
of the tetragonal symmetry of tin k, =k, and 
k, = kh, 

If a tensile stress S is applied to the crystal at 
angles (#,¢) with respect to the principal direc- 
tions, there is then developed a threshold field 
shift 


AH So, ¢ [As 333— Si3)+ k,(2S}3— S; Si2)] 4 


cos"O+k,(S,, +8.) +h3S)3+yS4q4 sin 6 cos 6 » 


x (sind + cos d + keSee sin?0 sin d Cos d. 


(5) 


If a hydrostatic pressure P is applied to the 
; I PI 


crystal, it follows instead that 


AH/P = —2k,(S),+S).+S}3)—Rs(2S13+ 533). (6) 

+ Pipparp (Phil. Mag. 46, 1115 (1955)) has argued 
from symmetry considerations that the first-order effects 
of shear must be zero, i.e. that ky = k; = hk, = 0. 
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If AH,, is the shift produced by hydrostatic 
pressure, and AH, and AH, are the shifts pro- 
duced by tensile stresses equal to the hydrostatic 
stress respectively along the x and z axes, then 


—AH, = 2AH,+AH,. (7) 


For a crystal of cubic symmetry AH , = }AH,,. 

Fig. 4 shows the comparison between the values 
of (0H / 0p)r measured hydrostatically and those 
deduced from GRENIER’Ss tensile 
using equation (7). The agreement is quite satis- 
factory. 

The absence in GRENIER’S data of any depend- 
ence on ¢ shows that k, = k, = 0; 1.e., that shear 
strains have negligible effect on the transition. 
This conclusion is elaborated in section 5. 

It follows readily from (5) that 


measurements 


ks Sy +S12—45}5 


k, 155g aa S a 
where 
a = AH,/AH,. 


No measurements of all the compliance coefficients 
of tin at low temperatures have been reported in 
the literature. LANDAUER“”) found S,, to decrease 
from 15:5 at T = 295°K to 13-4 at T = 3-7°K, 
while the torsion modulus 4(S44+S,.) decreased 
from 94 to 57-9 (in units of 10-!% cm*dyne~*). 
BrIDGMAN’S(!§) room temperature values in these 
units are: 


, w ifs ee 
S), = 185 S)3 = —2:5 


Sio=—9:9  Syg = 11-8 


Provisionally using BRIDGMAN’s value in (8) we 
find k, = 2-6 k,; i.e., a uniform strain in tin along 
the tetrad axis produces about 2-6 times the 
threshold field shift produced by an equal strain 
in the basal plane only. 


5. DIRECT MEASUREMENT OF EFFECT OF 
SHEAR ON THE TRANSITION 

The conclusion that shear stresses in tin produce 
negligible temperature shift was checked experi- 
mentally using a plan similar to that used in the 
hydrostatic measurements. The magnetic transi- 
tions of two specimens at the same temperature 
were compared while only one was torsionally 
strained. 


Hollow cylinders were used in order to allow a 
nearly uniform shear strain within the specimen. 
Each had an outside diameter of 16 mm, walls 
1-5 mm thick, and a length of 28 mm. One pair of 
tin specimens was composed of large-grain poly- 
crystals, some of the grains extending the length 
of the specimen. A second pair was of heavily 
cold-worked tin, annealed only at room tempera- 
ture. The magnetic transitions of the first pair 
are shown in Fig. 5. 





= SO0r 
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Fic. 5. Magnetic transitions of hollow tin cylinders 
T = 3°65°K. 
@ Specimen A 
O Specimen B 


In order to detect very small changes in the 
transition of the strained specimen, the amplified 
secondary voltage from the susceptibility coils 
embracing the specimen was subtracted from that 
of the reference specimen, and the difference vol- 
tage was recorded. 

Torsional stress was supplied externally by a 
lever, pulley, and weight system, sufficient to 
apply a shear stress of 300 atm. 

Fig. 6 reproduces the recorder tracing of the 
change in the transition of the polycrystal speci- 
men as a shear stress of 50 atm was applied and 
removed. In spite of the full-gain amplifier noise, 
it is seen that there was no change as great as 1 mm 
in the average chart reading. In terms of the con- 
this that the 
critical field of the stressed specimen was not 
changed by more than 2x 10-* oersted. There- 
fore, the shear coefficient CH/c2 is less than 


stants of the apparatus, means 
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oersted atm=!. A similar result was ob- 


4x1 
tained when the cold-worked pair of cylinders was 
used: no change was detected in the transition 
with 


increasing shear stress until plastic deforma- 


tion altered the geometry of the specimen. 


between magnetic transi- 


snear 


ne is stressed in 


MaxweL_ and O. S. Lutes* have performed 
it similar experiment using a solid tin 


cylinder for the torsion specimen. No detectable 
| 


1e transition was observed by them. 


6. THE PRESSURE COEFFICIENTS OF 
THALLIUM, MERCURY AND TANTALUM 


The hydrostatic pressure effects of Tl, Hg, and 


ive been measured using the same procedure 


eo 1: ; 
were single crystals 2 mm diameter 


wn from Johnson-Matthey stock using 


ique. Considerable difficulty was 
apnite 


around trapped 


le crystals with Pyrex or gr 
| : 
nucieation 


yr on surface roughnesses in graph- 


tubing provided a porous yet 


L 
ingle crystals were readily obtained 


inch per hour 
rom 99-999 


pared f1 per cent 


liameter glass tube having 0-01 
were placed in the pressure vessel 
» 80°K. A tube of 0-002-cm paper 

less satisfactory results, the 
y transitions with hysteresis 
trom 


arising surface 


DD. 
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Tantalum specimens were prepared by high-vacuum 
outgassing Fansteel high purity stock at 2700°C for 
25 hours followed by progressively higher temperatures 
terminating with 5 minutes at 2900°C. The 2-mm 
wires were sawed to 5 cm lengths and etched to remove 
the cold work of sawing. Crystallites 1-2 mm in size 
were visible on the etched specimens. 





Ae ms 
' Thallium 
li 
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Secondary voltage (arbitrary units) 


oersteds 


Fic. 7. Magnetic transitions of Hg and Tl specimens. 


Typical magnetic transitions of the Tl and Hg samples 
are shown in Fig. 7. Hysteresis was pronounced in the 
Tl specimens but quite absent in both Hg and 


Ta samples 


«< 19> 
good 


The magnetic transitions of the Ta samples 
were so broad and so filled with small discontin- 
uities that it was not possible to use the differential 
method. Instead, isothermal magnetic transitions 
were made with 13 and with 110 atmospheres 
pressure on the sample, and the difference in 
critical fields taken for the smoothed transitions. 

The threshold field versus temperature data 
agreed within experimental error with that of 


py 


From similarity principle 
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2 } ~ 
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) x 10° oersted atm:' 
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Fic. 8. Temperature dependence of pressure—threshold 
field coefficient for thallium. 
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previous investigations) and will not be cited 
separately. 

Figs. 8 and 9 display the temperature depend- 
ence of the pressure coefficient for Tl and Hg 
respectively. The pressure coefficient of ‘Tl is 
positive, as earlier reported,®) which is unique 
among the elements studied to date. The elevation 
of the magnetic threshold with pressure is positive 
and reversible within the precision of measurement 
for all samples measured to date, including speci- 
mens prepared by rapid thermal quench of the 
molten metal and specimens severely cold-worked. 





@ 


‘From similarity 
principle 


~( 5H/8p),x10° 
oersteds atm! 


—+——4— 
Temperature 
Fic. 9. Temperature dependence of pressure—threshold 
field coefficient for mercury. 
Sample B . 

os ma ‘Present Work. 

@ Sample A |! 

A Calculated from tensile data of Grenier. 


The apparent discordance of this result with the 
negative pressure coefficient observed at high 
pressures by CHESTER and Jones) may be re- 
solved by some unpublished work? of L. B. 
NEsBITT and the writer. Pressure was applied to a 
thallium specimen by means of a piston-and- 
cylinder arrangement using solid hydrogen as the 
pressure transmitting medium. Although pressure 
inhomogeneities within the solid hydrogen appar- 
ently progressively deformed the sample and 
broadened the magnetic transition, it did appear 
that at pressures below 200 atm the magnetic 
threshold of Tl was raised, around 300 atm it was 
stationary, and above 400 it was progressively 
depressed. An unequivocal resolution of this point 
awaits the development of improved high-pressure 
techniques in the helium range. Qualitatively 
similar behavior has been observed by Hatton. ‘® 
Fig. 9 shows that Hg departs markedly from the 
similarity principle, (see Section 7), a conclusion 
also arrived at by GreNIER“) from his tensile 
experiments. The pressure coefficients calculated 
from his data using equation (7) are also shown. 
Such substantial disagreement between the data 
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sets might mean a breakdown of the anisotropy 
phenomenology for Hg, but a more likely cause 
would be crystallinity in the tensile specimens, 
GRENIER was unable to examine his samples for 
crystallinity and it is possible they were not mono- 
crystalline as presumed. Resistance measurements 
would not then give correct orientation informa- 
tion, and average crystalline anisotropy would be 
reduced. 
7. DISCUSSION 

We may draw the following conclusions: 

1. The superconducting threshold field of tin is 
responsive not to net volume change alone, but 
rather to the (elastic) strains along each principal 
crystallographic direction, such that the change in 
threshold field per unit strain along the tetrad axis 
is about 2-6 times the corresponding change per 
unit strain in the basal plane. 

2. The effect of an elastic shear strain on the 
threshold field of tin is at least two orders of 
magnitude smaller than that produced by a hydro- 
static strain of the same magnitude. 

3. The isothermal change in the threshold field 
of tin produced by a hydrostatic pressure de- 
creases as a function of temperature roughly as 
predicted by the “‘similarity principle”.@ The 
pressure shift of the threshold field follows the 
similarity principle if h=f(t) and if 0/dp 
(H,/T.) = 0, where h=H/H, and t = T7/T,. 
The tin threshold may be approximated by h = 1 

at?+-bt®, Similarity then requires that 


( OH, ) ( —*) ( —) 
op Je \ ap op Jr 


l i. 
x + —(at?—2b?*). (9) 


@ 7 
(| qT. 


This relation is shown in Fig. 5 with the following 
values used for the constants, as measured for the 
samples studied: 
a = 1-243 b = 0-243 
H, = 299 oersteds T, = 3-790 R 
(0H | 0T)r, 141 oersted deg=! 
(0H,/ Op)r, -6:56 10-3 oersted 
atm~!, 


oH, 
¢ ) = —6-56 x 10-3 oersted atm~!. 
Op /T, 








[he deviations of the data from the relation (9) 

e uncertainty of the measurements in the 

2 <7. 

4. (CH./ Op)r is definitely positive for thallium, 
lecreases with decreasing temperature; for 


1 +} 
exceed tI 


negative, decreasing in magnitude 
nore slowly than predicted by 
similarity principle; for tantalum it is negative. 
The magnitudes of (0H_,/ép)r at T, in units of 





10-° oersted atm=! are 
S §-56—0-15 
| 3-10-+0-15 
H 8-30 -—_0-20 
la 3-5 +0-4. 
Che implications of adherence to the similarity 
principle for the pressure effect have been dis- 
ussed by Muencu’® and by Hake.) One can 
show quite generally for superconductors having 
thermodynamically reversible transitions that 
3a H,\* 
V(E*) I (10) 


47k? \ T 


where N(E*) is the density of states at the Fermi 


level, V is the molar volume, a is the constant of 


and & is the Boltzmann constant. It 
that pi N(E*) V] Q for 
] 
} 
i 


equation (¥), 
follows supercon- 
ductors observing similarity, as tin approximately 
does. On the other hand, 


soul lie¢¢] ’ 
principie re\ eals little about 


deviation from the 


N(E*) 


attice vibrational spectrum and the coupling 


since changes 
in the 


are also expecte d with change in lattice 





spacing 
Marcus’ theory, which considers only vibrational 


1 


predicts that the pressure coefficients of 


etrects, 
be negative. The fact that it is 
and that it follows the similarity principle 
(within the spread of the data) suggests that elec- 
tronic effects dominate and that a pressure depend- 
ence of the coupling constant may be responsible 
for its unusual behavior. This speculation is not 
born cut, however, by the pressure dependence of 
the resistivity, which is normal at least at room 


temperature. 
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PROPERTIES OF SUPERCONDUCTING 


ALLOYS* 


A. A. ABRIKOSOV 


Abstract—A new explanation is proposed for the magnetic properties of superconducting alloys 
based on the theory of GINzBURG and LANDAv.“ The structure of the penetrating field is found 
for a superconductor and the relationship between induction and field strength. The findings are 


compared with experimental results. 


THE magnetic behaviour of superconducting 
alloys is characterized by a whole range of in- 
teresting properties. A fundamental property is the 
presence of two critical fields for transformation 
from the normal to the superconducting state of a 
large cylindrical specimen in a longitudinal field. 
Between these critical fields there exists a region in 
which the magnetic moment is gradually changing. 
Generally such behaviour is ascribed to a hetero- 
geneous structure, in which separate regions possess 
higher values for the critical field. Consequently, 
after transformation of the bulk of the specimen 
into the normal state, a network of superconducting 
threads remains. Although these threads have an 
extremely small diameter they are highly resistant 
to destruction by the external magnetic field. 

Such an explanation cannot, however, be con- 
sidered completely satisfactory, since the B—H 
curve for a range of materials has the same general 
form and it is most unlikely that such behaviour 
would arise accidentally. In the region close to the 
transition to the normal state the relation between 
B and H is always linear. In addition, on the basis 
of the theory of fine threads, the critical field near 
T., would be proportional to 1/(7',—T7), whereas 
experiments indicate that the dependence is 
generally of the form ~ 7',—T.* 

In the present work an alternative explanation is 
proposed for the magnetic properties of alloys 
based on a recently developed quasi-microscopic 
theory of superconductivity due to GINzBURG and 


* Translated by S. F. PuGu. 
+ The author is indebted to N. V. ZAvaritski for 


this observation. 


LANDAU.” In a previous paper”) it was shown that 
this theory can be used to deduce the existence of 
two groups of superconductors. In the first group 
the parameter y in the theory of GrnzBuRG and 
LANDAU is less than 1/4/2, while for the second it 
is greater than 1/1/2. 

The parameter y essentially determines the 
surface tension between the normal and super- 
conducting phases. It has been shown") that the 
calculated surface tension for superconductors 
with y > 1//2 is negative. Therefore super- 
conductors of the group must 
properties greatly different from the properties of 
superconductors of the first group. 

For pure metals the value of the parameter 
appears to be small. For example, for mercury 
y = 0-16. In view of this GinzBurG and LANDAt 
consider only cases where x < 1/1/2. 

However, N. V. ZavArRitski1™) has shown that 
the properties of thin films of pure metal condensed 


second possess 


at helium temperatures are not accounted for by 
such a theory. N. V. ZAVARITSKII and the present 
author therefore assumed that in such thin films 
xy > 1/1/2 and suggested a division of supercon- 
ductors into two groups. GinzBuRG and LANDAU“)? 
calculated the relationship between the critical 
field and the thickness of the film for super- 
conductors of the second group and found good 


agreement with the experimental results of 
ZAVARITSKII. 


A more detailed investigation of the magnetic 


properties of massive superconductors of the 


second group indicates excellent agreement with 
experimental results for the majority of super- 
conducting alloys. This indicates that alloys could 
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be considered as superconductors with a large 
value for y,+ which, as we shall see below, agrees 
with recent proposals of PipparD®® concerning 
the dependence of “coherence length” on the 


presence of impurities. 


TRANSFORMATION INTO THE NORMAL 
STATE 
GInzBuRG and Lanpau® that 
when y > 1/,/2 the superconductivity remains in 
fields greater than H,,,, and for which there is 
equilibrium between the and _ super- 
conducting states. For fields greater than H,,, the 
0) appears to be indeterminate, that 


have shown 


normal 


state with 
is regions of the superconducing phase might arise 
with & 4 0. In a previous paper) it was shown 
that this indeterminacy continues up to a certain 
value of field H,,, which, for large superconductors, 
equals yV 2 H.,,,,. At this value of field the super- 
conductor transforms to the normal state by a 
second order phase transformation. In this section 
we shall discuss the behaviour of a superconductor 


near the transition, that is, when 


H 


(1) 
V2 


The equations developed in the theory of 


GINZBURG and LANDAU") have the following form 


9 


1\ 2 
+A) u—v—wi/* 
xX 
7 
us|7A — : ¥ 
2x 


The nomenclature used here is the same as that 


—rotrot A 


used by the authors in that paper.“) We shall con- 
sider that the superconductor occupies the whole 
volume and that the external field H, is along the 
z axis. The potential A is along the y axis. 

Near the transition |x|? < 1, since the influence of 
us on the field can be neglected to a first approxima- 
tion. Thus the following is obtained: 


H = const = H, A, = Hg. (4) 


Owing to the gauge invariance of (2) and (3) the 


origin x = 0 is arbitrary. If we assume y to be of 


+ LaNnpbAU first suggested that for alloys y > 1/2. 


the form ys = e**%(x), then neglecting the non- 
linear term equation (2) takes the form (using 


(4)). 
tas hi—a ( : y 
—+y7¢ _ 2 cs seas \ 
ml NC I 


This is just the harmonic oscillator wave equation 
with displaced origin and has physical solution 
only if 
x 
Hi, (6) 
2n+1 


For the largest value of H,, » = 0, and we have 


_x (x : 
us erikue TA” st). (7) 


Since K is arbitrary a general solution of (2) with 
H, = x may be taken in the form 


* ¥- kn\ 2 


n XL 


provided the nonlinear terms can be discarded. To 

obtain approximate solutions of (2) and (3) for 

H,, < xy, we substitute (8) in the right-hand side of 
0<X u 


(3). This gives 


< (n+m)K 


2x 


1K . 
% C_C,, *eln—™Mk ¥(n— m)ds, (x (x) 
n n 7 m 
“<xX , a | 


n,m 


where for simplicity we have written w,(x) for 
exp[—x?/2(x—Kn/x*)]. The solution of this equa- 
tion is easily seen to be as follows: 


(10) 


(11) 
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where ¢ is given by (8), but H, is treated as a 
constant of integration to be determined. Later we 
shall show that it is equal to the intensity of the 
magnetic field. 

We now obtain a better approximation to the 
solution of (2) by substituting in it (11) with the 
neglect of the nonlinear term on the right. We 
assume that the solution retains the general form 
(8) but with a small correction to each of the 
%,’s, denoted by (x). Rejecting higher-order 
terms in ¥,,)(x) and treating each coefficient of 
~,(x) as a separate equation, we have: 


Kn 2 1 dp, 
—"-ys) p09 —— ties = 
X X x 


nK\ | 
2(x—Ho)x (- -) Crihn(x)+ 
- 


9 


. K 
+> C,CutCrsem|[ >> 
- 


— 
p,m 


p-—m - 
x (»- oped +) Janet | Pn(X’ eb n(x") dx = 


2 


—,(xX)bm(X)bn_» ; n() : (12) 


This is an inhomogeneous differential equation for 

Y,(x). It has a solution only if the right side of 

(12) is orthogonal to the solution of the correspond- 

ing homogeneous equation, which is just y,,(%). 
The orthogonality condition leads to 

on R* 

og Dy e 2x? 


(p—n)2+(m—n)ez 
n—p+m + 
(13) 
(—H. 
xX—**0 D cot 
X 
We multiply this equation by C,,* and sum over 2. 
By this procedure we obtain the condition 
x—H. 9 1 1.14 
——|p]?-+(3x—1))p|* = 0 (14) 
x 


where ys is given by equation (8). Thus the depend- 
ence on H, is contained in ¢ as a coefficient. 

The quantity H, can be related to the magnetic 
induction. In accordance with equations (10) and 


(14) we have 
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This quantity does not depend on Hg. 

We shall now calculate the free energy. In 
accordance with the previous paper“) the free 
energy is given by: 


y 


| \4 
sH—F'so "+ H+ 


2/4 
+(-— ay) (- ; ¢ _ 
X X 


Taking equations (2) and (3) and rejecting the 


unnecessary surface integrals, we obtain: 


| av {s—lwe+ 


(17) 


‘i. oe as olan 
| H?———+}) dV. (18) 


The free energy per unit volume is proportional to 
the average value of the expression under the 
integral. We denote this average by F', and express 
it in terms of B. This gives: 


Fsu—Fso 
9 
H, m | 4 


(xB)? 
i (19) 


F, =}+B- -, 
1+(2,?—1)8 
For this quantity to be a minimum for any given 
value of B, it is necessary for 8 to be a minimum. 
Equation (13) can be written in the form 
op/eC, = 0 (13’). This is also a condition for a 
minimum in 8. From equation (16) it is seen that B 
cannot be less than unity. 
For the function % to be periodic in x it is 
necessary for the coefficient C,, to have periodic 
recurrence: 


(20) 


A general analytical solution for the choice of 
coefficients is very complex although it can be 
assumed that in fact it is a very large number. 
Evidently the energy is a minimum for the simplest 
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case in which N = 1. The quantity § in this case 
is given by 


Che minimum value of £ is reached when K 


y1/ (27) and is 


1-18.* 


(21) 


(x e~7"2)2 .7(0-1) 


Che function y is given by 


: gz 


2 94[V 2ryi(x+7y); 1] (22) 


t is readily seen that % is doubly periodic in x 
and y with equal periods V 27/y along the x and y 
ixes. Furthermore a 90° rotation of axes results in 
multiplication of y% by a phase factor e’*’*” so that 
? is unaltered. Thus ||? has the symmetry of a 


When x =y 


s vanishes. Thus, according to equa- 


Square array. 


(1 XIV (7 2) 
tion (10), H has a maximum at this point and at 
equivalent points in the square array. 

We shall now show that H, is equal to the in- 
4n(OF 


units). This results in a relationship between H, 


tensity of the field, i.e. 3) (in the usual 


and B, corresponding to equation (15). Finally, 
for greater convenience in comparing with experi- 
mental results, which will be done in section 3, 
the latter can be rewritten as a function 


47M | 
M(H,): — 
H..—H, 


(23) 


1-18(2y7—1) 3) 


vhere M and H are in the usual units. We note 
that the magnetic moment is proportional to the 
first power of H..—H. 

Equation (23) indicates the macroscopic char- 
acter of the behaviour of a large sample in an ex- 
ternal field. 
penetrating field follows from the results stated 


The microscopic structure of the 


above from which we obtain the following picture. 
In a section perpendicular to the direction of the 


field there is periodic structure with the symmetry 


this case which, as we shall see, later, 
ensional network, a model of a triang- 


The side of the triangle was 


i€ ads to a TW dim 
ular lattice was constructed 
(1/x)V/ (82/3 V3). However, from the resulting numerical 
it became apparent that this lattice corres- 
1°32 (see also 


integration 
ponded to a larger value of 8, namely £ 
the following section) 
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of a two-dimensional lattice. The field strength 
changes from a maximum value H, to a minimum 
value given by 


(H..—Hy)x 

Hmin = Hy— -, (24) 
V 7(2yx?—1) 

When the strength of the field H,, is increased, the 

field between the maxima increases up to the value 


H = H, =x. 


The distribution of the field and currents is 
depicted in Fig. 1. The lines represent |x|? 


1) or equally 
H = const. They also represent lines of current 


const. 


(with the normalization |: 


) 
max 


with the direction indicated by arrows. 
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THE PRINCIPLE OF THE PENETRATING 
FIELD IN SUPERCONDUCTORS 
In the preceding section we came to the con- 
clusion that, close to the point of transition to the 
normal state, superconductors of the second group 
exist in a peculiar state which is neither normal nor 
superconducting and is essentially an intermediate 
state, which can arise in large specimens of non- 
cylindrical shape. We shall call this state mixed. It 
is natural to ask how this state changes when the 
field is further reduced and in particular how the 
transition to the superconducting state proceeds. 
Turning to the experimental B-H, curves for 
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alloys) it is seen that this transformation can be 
either a phase transformation of the first kind or a 
phase transformation of the second kind. Evidently 
(see section 3) transformations of the first kind 
occur when y is not too large, while transforma- 
tions of the second kind take place when y > 1. 
The elucidation of this point involves exceedingly 
great theoretical complexity, since it would involve 
solution of equations (2) and (3) without any 
simplifying assumptions. 

We shall examine in rather less detail the case of 
a phase transformation of the second kind which, 
as has already been stated, evidently takes place 
when x is not too small. We shall begin with the 
determination of the point of transformation. It is 
natural to assume that originally the structure of 
the penetrating field will again be in the form of a 
network with, however, a larger period. At the 
crossing points of the network the field will have a 
maximum value, while between these points it will 
be practically nonexistent. ‘Thus, the picture of the 
penetrating field will have a character unlike that 
of the threads. Such a picture is very reminiscent 
of the picture of the disturbances in superfluid 
helium II, owing to the formation of thread-like 
vortices suggested by ONSAGER“) and FEYNMAN(® 
The similarity appears still greater if the behaviour 
of the function % in the neighbourhood of such 
threads is analysed in greater detail. If the be- 
haviour in fields close to H,. is examined it be- 
comes clear that, near the point where ys approaches 
zero and the field a maximum, the phase of y is a 
function of 6, where @ is the polar angle, and there- 
fore changes by 27 in passing round this specific 
point. It is reasonable to propose such behaviour of 
the phase in the neighbourhood of individual 
threads for the case when the separation between 
them is large. As we shall see later the function & 
at the centre of the threads also approaches zero. 
Such behaviour of the function y in regions of this 
phase has been suggested by FEYNMAN to be 


applicable to vortices in helium II. 

When the threads are far apart we can consider 
them to be independent of each other and can 
examine them individually. In this case the pro- 
blem has cylindrical symmetry. The modulus and 
phase of ¢ is given by the function 


(25) 


y— fe 


and we shall consider the vector A to be directed 
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perpendicular to the radius-vector. The scaler 
quantity Q is equal to the absolute value of the 
vector A g/x. Equations (2) and (3) will then 
take the form 


dD «ney 
(=) +0¥-s-7 


az 


(26) 


(28) 


This requires that when z-—> 0, f—>1, H+O, 
Q->O. Further for widely spaced threads we 
assume that 9 = @. It therefore follows that 
Om = (1/z)(Cp/08) = 1/z. Alternatively when z 
>O, QO According to the theory of 
ONSAGER and FEYNMAN a similar form is found for 
the relationship between velocity v, and distance 
from the centre of a vortex in superfluid helium II. 

Besides this expression it was naturally necessary 
to show that the function f was always finite. 
These expressions define in a unique way the 
solution of equations (26), (27). However, in the 
general case this solution could be better obtained 


> 1/yz. 


by means of numerical integration, which must be 
repeated for each value of x. 

When xy > 1 the solution of the equation is 
greatly simplified. For this we notice that the 
intervals at which the function Q must change are 
essentially z ~ 1. The function f changes in the 
interval z ~ 1/y. Substituting this in equation (26) 
we could consider that the function f has already 
reached the value f = 1, hence we at once obtain 
a solution for QO: 


(29) 


where K, is a Hankel function of imaginary argu- 
ment. Further, we note that for spacings with 
z<1,Q 1/yz. Substituting this in the equa- 
tion for f we obtain 


i a ae ( =) 
¥ E dz \ dz 
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The solution of this equation at the points where 
z> L/y is f? = 1—(1/x?2"), but when z < 1/x, 
f — Cz where C is a constant which could be deter- 

mined by numerical evaluation of equation (30). 
We shall now calculate the free energy of a 
ad per unit length «. For this it is necessary to 


he integral 


1—f4 


(2*O* (31) 


dz 


he expression under the integral falls off ex- 
nentially when z > 1, and taking In y > 1, it is 
lifficult to see that the important range of the 

ill be l/y <2 1 and the integral be- 


(27/y*) In y. By means of numerical in- 


ition (30) and (31), a correction can 


found to the term In Y; and the 


‘ation of equi 
: 
corrected value 


m € becomes 
Iny+0-081) 


or the formation of threads to be energetically 
favourable when the penetrating field is Hg it is 
2H, B to be nega- 


quantity F, 
is, i.e. the number per 
. 


é 
d 


H—n|HdS=nbAdl 


ur integral disappears when 2 0, 
le that 


conclude 
o/y, i.e. equal to the absolute quantity l v2. 


Suc 
iU1l 


points O O, we 


(34) 


herefore follows that the threads begin to be 
1 when the penetrating field Hy reaches the 
€x 
H. ; 
4 


This equation is valid for any value of x, on the 
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assumption that the transformation occurs by a 
phase change of the second kind. For y > 1 we 
obtain 


(36) 


Aa Iny+0-081). 


( 
Ne 
“XxX 

It is interesting to note that the field at the 
centre of a thread in the case under consideration is 
more than double H,,. In fact, according to equa- 


tion (27) we have 


(37) 


. | 
H(0) = — | Of? dz (In y—0-18). 
. X 


0 


From (35) it can be seen that H,, does not 
depend on n, and consequently when H, > Hy in 
this approximation an arbitrary number of threads 
might be formed. For finding the dependence of 
n(H,), and consequently of B(H,) it is necessary to 
ignore interaction between threads. 

This can be readily done in the case when 
xy > 1. In fact in the region where the function / 
differs from unity (z ~ 1/y) it is small in compari- 
son with the distance at which there is interaction 
between the threads z ~ 1. Thus the centres of the 
threads will make a separate contribution to the 
solution, but their detailed structure will not be 
important. It is not difficult to see that the equation 
for the field together with that at the centres of the 


threads can be written in the form 


con 7... 2.) 


—~ 


AH—H 
X 
where Z,, 


centres of the threads. ‘The solution of this equation 


corresponds to the co-ordinates of the 


1S 


™ 
H=- > Kj|Z—Znl). 
x 


The energy can be written in the form 


F, = H?+(\H)* = H(H—AH) 


where | a are the co-ordinates of the centres of 
the threads measured from one to the other. The 


component corresponding to Z,, 0 must be 
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substituted in (32) multiplied by m. The quantity 
and the periodicity of the lattice introduced into (30) 
can be expressed in terms of the induction B ac- 
cording to (34). For a square network we obtain 


aie... 27(1?-+4+ m?) 
Py =—et— b. K,( /: : ). (41) 
2a % hou xB 


P+m'*2>1 


It is not, however, certain that the network is in 
fact square or that it does not change its symmetry 
when the field is changed. This problem must there- 


then it is clear that for sufficiently small values of B 
a transformation to the triangular modification 
must result. The value of H, at the transition is 
determined by equating to the free energy when 
the penetrating field is *,—2H,B and thus 


0-0394 


Hy’ = Hya+ (44) 


x 
The transition evidently is of the second kind. The 
induction undergoes a rapid change from B, 
0-286/y to B, 
H,’ the square network is more favoured which to 


0-294/y. For fields greater than 


a certain degree supports the assumptions made in 
the previous section. 

We note that the transition very close to the 
region H,, is accompanied by an abrupt change 
that is only small, i.e. about 3 per cent, so that it 
would be very difficult to notice it on the B(H,) 
curve. 


It is not difficult to see that when H = H,, the 


x(H—H,,) f 


where X;, » 


> 


3xB 


N 


|= 
(/?-+- m?) 
B 


x 
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fore be examined in greater detail. The most 
probable structure which could be proposed in 
place of the square network is the triangular one, 
for such a network it is not difficult to obtain 


; i : ; | 4x(1? + m?+ Im) 
F, ; oe ah K,( / = ) 
N V 3vB 


lm2>1 


(42) 
If the asymptotic form of this expression when B 


is small is compared with the asymptotic form of 


(41) 


; xB rl fo | 2a ; 
Fig -* oN 5 —exp( —,/ =) (43) 


X 


curve B(H,) has a vertical tangent. In fact when 
H ~ H.,, the dependence of B on H, is in principle 
determined by the factor 


4a 
Hy, ~exp— I( ) 
N \V3xB 


dH, 
and 


dB 


when B +0. 


At the other extreme for cases when yB > 1 in the 
sum in (41) corresponds to closely spaced values of 
the argument, and can be replaced by the integral. 
This gives Ff, ~ B?, H, » B. Thus, as H, in- 
creases the curve asymptotically approaches the 
straight line B = H,. This occurs while the dist- 
ance between the threads remains within an order 
of magnitude of 1/y, that is until Hy) ~ x. 

The dependence of yB on y(H,—H,,,) is given 
by the universal function 


p3 [2K (Xp, m)+X1, mKi(X1, m)] 


(/?-+-m?+/m) when y (H)p—H,,) < 0-0394. 


when y (H,—H,,) > 90-0394. 
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We note that the derivative (CB/0H 9), 1s always 
positive which indicates that the structure con- 
sidered here is probably correct. ‘” 

For values of y that are not very large the field 
H_., can be found from equation (35). For this, 
numerical solution of equations (26) and (27) is 

ary, after which « is obtained from equation 
31). However, to find the relationship between B 
ind H, in this case, it is necessary to solve separ- 
atelv for each; a very difficult task. 


in this section we shall discuss the ques- 


necess 


‘inal 
of the intermediate state in specimens of non- 
form, or cylindrical with the field not 

he axis. The very interesting fact appears 
| the intermediate state 


hat in specimens with y 


generally does not occur. Instead a homogeneous 
il jal specimens; but when the 


exists 1n Cl 
ition in field H,, is of the first kind, part of the 


n will be in the intermediate state. 


COMPARISON OF THEORY WITH 
EXPERIMENT 


: : 
the present time accurate data on the mag- 

: a > 
perties of superconducting alloys are lack- 
work 


with theory is that of SHUBNIKOV, 
EV and RIABININ.“ We shall 


rom this paper for comparison with 


only that is more or less suitable for 
nparison 

ITKEVICH, SHEPEI 

f 

above. 

gin with the general appearance of 

first place we notice that, be- 

of a certain composition, the 

ites a range of partial penetra- 

his agrees W ith our re sults whic h 

state The 

ni n is limited by two values for the pene- 

trating field H,, and H,., and while 

from the superconducting state to the mixed state 


a mixed would occur, 


I 
the transition 


1 ight be either ot the first or of the second kind, 


he transition to the normal state is certainly of the 
second kind. Near the field H,. the relationship 


between B and H, is linear. All these observations 
are in agreement with the conclusions of the first 


the concentration of the alloy 


TW 


section. Further, if 
is sufficiently high the transition at the field H,, 1s 
evidently also of the second kind. According to the 
theory the B(H,) curve at this point has a vertical 
tangent and then gradually approaches the straight 
line B = H,. This conclusion is also in reasonable 
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agreement with the trend of the experimental 
curves. 

We shall now make quantitative comparisons. In 
the theory there are two parameters H,,, and y 
which must be found from the experimental 
graphs. This could be done if the upper critical 
field H. and the square of the moment B(H,)—H, 
could be found, where H, is the penetrating field. 
In fact, in agreement with the calculated field we 


have 


x He 
H2. ne . 7 
[H,—B(H,)]dH,= | [H).—B(H,)] dH, 


0 (46) 


Of course, to fix H,,, in this way is valid only if the 
experimental B(H,) curve was for equilibrium 
conditions. Having determined H,,,, y can be 


found from equation 


He, = xv/(2) Hem. 


Having found H,,,, and y in this way they can be 
used for comparison with the experimental values 
of the moment close to the upper critical field H ,». 
According to the statement in section 1 the depend- 
ence of M on H, is given by equation (23) 

In addition the moment can be compared with 
experiment using (36) for the first critical field. The 
results of this comparison are shown in Table 1.* 
The precision with which the slope of the curve 
for the moment close to H,. and H,, can be deter- 
mined using the results given in ref. 4 is not better 
than 15 per cent. We here denote the relation- 
ship in equation (23) as tgx. It can be seen from the 
table that the agreement for tgx is very good. For 
various alloys and various values for tgx covering a 
range in which the ratio of the largest to the 
smallest is 150, the theory always predicts the 
correct value within the limits of accuracy quoted 
above. 

For H,, the results are not quite so good; the 
calculated values, although of the same order of 
magnitude as the experimental ones, appear to 
be always lower. However, it is found that here 


* Here the theory continues to be applicable for tem- 
peratures far from 7. At temperatures close to H,, this 
is strictly correct since % in this region is small. However, 
GINnzBuRG®) has recently stated certain useful con- 
clusions concerning the application of the theory for 
various fields and temperatures. 
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Table | 


Specimen 


Pure Lead 

T = 4:24°K 
Pb+2:5% TI 

T = 4-22°K 
Pb+2:5% TI 

T = 1°22°K 
Pb+5° 

T 


0:22 +0-36 
704 1:18 


1100 
1010 


1730 

1:82°K 
Pb+15%TI 

T = 4:22°K 
Pb+15%T 

T 1:7 
Pb+30% 

T = 4- 
Pb +30%T 

T 1-7 
Pb+50% 

T = 4-2 
Pb+50%T 

T = 2° 


2170 
3760 
2840 
4460 
2270 


4270 


Pb+2% 

T 
Pb+2°% 

Ly 1:95°K 
Pb+8%In 

if = 4:22°K. 
Pb+8°% In 

z 1:75°K 


2400 


3780 


He 


(calculated) 


Ae 


(measured) 


tya tga 
(calculated) | (measured) 


600 


37 


‘049 


0-041 











the value of y is not large in comparison with unity, 
which might cause a systematic error in the pene- 
trating field H, calculated from equation (35). 
[t is not difficult to suggest changes in the equation 
to conform with the case that y was not large. For 
this, advantage may be taken of the reasonable 
assumption that when y = 1/1/2, H.. = Hem. 
By substituting y = 1/\/2 in equation (36) a 
negative quantity is obtained. Thus, when y is not 
very large the actual value of H,, must be bigger 
than that given by equation (36). In principle 
equation (45) for the dependence of B on Hy near 
H, can be compared with experiment, however 
this equation refers only to cases when y > 1, so 
that only a qualitative comparison can be made, as 
has already been done at the beginning of this 


section. In addition the experimental curves in 
this region are not precise so that a quantitative 
comparison with them would have little signific- 
ance. We also see that, according to the experi- 
mental results, when y is close to 1/4/2 the trans- 
formation to the mixed state will evidently be of 
the first kind. In this case the assumption that the 
threads are isolated from each other does not gener- 
ally correspond to the picture of the mixed state at 
the transition. 

We shall now examine how the parameters 
H and y depend on the concentration. For this 
we shall compare values of the parameters corres- 
ponding to the single temperature 4:22°K. In 
Table 1 data for pure lead at the same temperature 
taken from the work of Lock‘®) are quoted for 
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comparison. From the table it is seen that H,,, is 
almost independent of concentration; with the ex- 
ception of the alloy 50 per cent lead-thallium. The 
variation does not exceed 11 per cent and shows 
no regular trend. At the same time y increases 
systematically with increase in concentration, and 
for the lead-thallium alloy changes from 1-18 at 
2:5 per cent thallium to 6-14 for 50 per cent 
thallium. 

A few years ago PIPPARD made an interesting 
suggestion that in superconductors there is a 
certain characteristic length called the “coherence 
length” for the superconducting electrons.@° This 
length characterises the distance in 
which the number of superconducting electrons can 


minimum 


change appreciably, and must be related to the 
thickness of the layer between the normal and 
superconducting phases. 

According taethe theory discussed in the previ- 
ous section the quantity 5/y is related to the 
“coherence length”? and determines the thickness 
of the transition layers in the intermediate state. 
Remembering that y = (1 2e\/he HomS2 it is 
clear that the characteristic length is proportional 
to 1/4/y. According to Prpparp this length must be 


m 


i 


arkedly dependent on the concentration of im- 


purities. For greater concentrations it must be of 


the same order as the mean free path of the elec- 

trons in the metal. Table 1 indicates that this idea 

is not contradicted by the experimental results. 
The that a 


discussed indicate 
quasi-microscopic theory whole 


results above 
can produce a 
range of rules describing the behaviour of super- 
onducting alloys. These rules are derived in a 


way differing from that used previously. In an 


A. ABRIKOSOV 


alloy macroscopic regions are developed with 
larger values for JT, and H,,,,, from disturbances of 
the regular pattern of electrons over distances 
which are small in comparison with the depth of 
penetration 6. 

Finally heterogeneities might play a decisive 
role, and will generally change the picture. The 
influence of residual moment must be mentioned. 
Although it has not been included in the theory it 
greatly influences the resulting heterogeneity. The 
structure of the penetrating field must be very 
sensitive to heterogeneities, so that in actual 
materials it will hardly be influenced by the regular 
lattice. 

In conclusion I should like to take the opportun- 
ity to thank Academicians L. D. LaNpau and N. V. 
ZAVARITSKII for valuable comments and discussion 
of this work. 
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Abstract—The effect of the Mn ion cores on the copper nuclear rescnance line in CuMn alloys is 
investigated. Contributions te the line width and the line shape from magnetic dipolar interaction 
and indirect exchange coupling are calculated. Comparison is made with the experimental results of 
Owen, et al. If the ratio of the hyperfine structure splitting in the free atom to that in the crystal is 
£ = 0-53, the exchange coupling constant A in the crystal must be about twice the free atom value 


to account for the observed broadening. 


INTRODUCTION 

RECENT measurements”) on CuMn alloys suggest 
the theoretical investigation of the copper nuclear 
resonance line in alloys. The principal point to be 
determined is the mechanism responsible for the 
broadening of the resonance line. In pure copper®? 
the broadening is fairly well understood on the 
basis of nuclear dipolar interaction of the Cu 
nuclei plus indirect exchange coupling via the con- 
duction electrons. The addition of even a very small 
amount of manganese causes the Cu nuclear reson- 
ance line to broaden considerably and become 
strongly temperature and field dependent, the line 
width increasing with increasing H/T. The line 
shape is approximately Lorentzian as compared to 
the nearly Gaussian shape in pure copper. 

Experimental results seem to indicate that the 
broadening is primarily controlled by the presence 
of the Mn ions. For this reason we have investig- 
ated the interactions with the magnetic dipole 
moment of the Mn ion core. From measurements 
of the Cu® nuclear resonance line width made by 
W. D. KNIGHT we can estimate the transverse 
relaxation time 7. We find 7, ~ 2 x10-* sec. 
OWEN, BROWNE, KNIGHT and KITTEL estimate 7; 
for Mn in a copper crystal from an AS - s inter- 
action assuming A to have the free atom value. 
They find T, ~ 10-9/T sec where T is the absolute 
temperature. Even if A should be as small as 1/50 

* Assisted in part by the Office of Naval Research, the 
Signal Corps, and the Air Force Office of Scientific 
Research. 


the free atom value, 7;\(Mn) < 7,(Cu). Therefore 
as far as the copper nuclear dipole is concerned the 
dipole of the Mn ion core acts as the source of an 
additional magnetic field along the applied field 
direction. The interaction can be treated magneto- 
statically, as was done in a similar problem by 
BLOEMBERGEN, ®) using the effective dipole moment 
of the Mn ion core 


gupSH 
unsB,(* j T ), (1 ) 
‘4 


Experimenta 


points 


H  kilo-oersted 


K 


Fic. 1. Comparison of theoretical and observed field and 

temperature dependence of Cu nuclear resonance line 

width in a CuMn alloy. Theoretically it is found that the 

line width is proportional to B,(gugSH/kT). We f.t this 

dependence to the values of f, cbtained by W. D. 

KNIGHT for a sample containing 0-029 atomic per cent of 
manganese. 


E> perimental points. 
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where z is the direction of the applied field H, g is 
the spectroscopic splitting factor, ug is the Bohr 
magneton, S is the spin of the Mn ion core, k 
Boltzmann constant, 7 is the absolute tem- 
B, is the Brillouin function. It is 


s the 
perature, anc 


1d 

through the Brillouin function that the line width 
is temperature and field dependent: the width is 
This theoretical 
compared to the observed“ 


yendence in Fig. 1. The appears 


directly 


proportional to yp,. 


de agreement 


depe naence 
I 
I 


OF THE INTERACTIONS 


CALCULATION 
consider first the magnetic dipolar inter- 


We 
action between the copper nuclei and the man- 
ganese ion cores. We neglect the copper-copper 
interaction since the observed line widths are much 
broader than in and manganese- 


pure copper, 


interaction we consider only 


which the concentration of Mn is very 


since 


inganese 


a 
small 


The 


the Mn ion cores is 


field at the jth copper nucleus due to 


AH 


» S-axis is in the direction of the applied 
ld, 7;;, is the separation of the jth copper nucleus 
and the Ath manganese ion core, y;; is the direction 
cosine of r;;, with respect to the z-axis and the sum 
extends over all Mn ions in the crystal. ‘To obtain 
the statistical average of AH; over all the copper 

ve use the summation method of KITTE! 
and ABRAHAMS.")* For crystals of cubic symmetry 
the fourth moments are 


second and frequency 


obtained in eq 7 1S 
aine and ABRAHAMS 
100 the 


yment of each Mn ion in our calcula- 


by KITTEI 


axis in a sc lattice since 


the field whereas in their calculation 
oriented. 


lipoles are randomly 
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where 


(5) 


the sum extending over all lattice sites. Here p is 
the atomic concentration of Mn in the crystal, / 
is the spin of the copper nucleus and y is the mag- 
netic dipole moment. 

If we assume the resonance line is a cut-off 
Lorentzian, then in the narrow line limit and for 
concentrations of Mn less than one per cent the 
half width A at half-maximum intensity is given by 


A 6) 
: Pp ( 
We have calculated the values of o, and o,, carrying 
the sums to the 15th nearest neighbors, for sc, 
bec, and fcc lattices. Inserting the values into eq. (9) 


gives: 


eB 


; (7) 
Tha,? 


7-40p 


Tha,3/2° 


Mel 


) ; (9) 
Tha,°,4 


fee 


where a, is the cube edge of a unit cell. These 
equations have been derived for the case of H 
parallel to a cube edge; however, the extension to 
an arbitrary direction can easily be carried out. 
Doing this and averaging over all possible orienta- 
tions of the crystal in space we find the numerical 
coefficients in (7), (8) and (9) become 8-44, 8-36, 
and 5-03 respectively. We note, however, that the 
results differ little from the case of H parallel to a 
cube edge. 
In the 
cut-off Lorentzian line shape.* A rigorous analytical 
calculation of the line shape is not feasible, but if 


above calculation we have assumed a 


we assume a simple, albeit crude, model we can 
+ E. L. HAHN (unpublished) has done a calculation for 
a system of two spins similar to the system considered 
here. Treating the problem as a random Markoff process, 
he finds the line of the major constituent to be Lorentzian 
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calculate a line shape. We assume a single Mn ion 
site at the center of a copper sphere of radius R. 
We calculate the line shape assuming the lattice 
sites are smeared uniformly over space. The result- 
ing expression for the tail of the line is 


pw, 1 


- : (10) 
9/3 v (AH)? 


p(AH) 


where v is the volume per lattice site. This suggests 
that the line is Lorentzian. If we fit eq. (10) to a 
Lorentzian we find for the half-maximum intensity 


half width 


Hep 


9:23 (11) 


a Thv 


which agrees reasonably well with eqs. (7), (8), and 
(9). 

The second interaction the 
RUDERMAN-KITTEL”? indirect exchange coupling. 
However, a slight modification is required here. 
We assume that the conduction electrons moving 
through the crystal will interact via exchange 
coupling with the Mn ion cores; further, these 
same electrons interact via hyperfine coupling with 
the copper nuclei. As a result the Mn ion cores and 


considered is 


the Cu nuclei are indirectly coupled via the con- 
duction electrons. If we assume that the exchange 
coupling can be treated in the same way as the 
hyperfine interaction the result obtained by RupDER- 
MAN and KITTEL can be applied directly. It can be 
shown from their eq. (7) that the deviation from the 
resonant frequency of the jth copper nucleus due 
to the average of the magnetic 
moment of the Ath manganese ion core is given by 


z-component 
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AV 55 
SB, aAm*v* 


82 hs ri! 


2R mF jx COS(2R m7 jx) — SIN(2R 7 5x) 


(12) 


hyperfine interaction of the conduction 
electrons with the Cu nuclei, 

exchange coupling of the conduction 
electrons with the Mn ion cores, 
effective mass of the conduction elec- 
trons, 

wave number of the conduction electrons 


at the Fermi surface. 


If we assume the resonance line is a cut-off 
Lorentzian, then in the narrow line limit and for 
concentrations of Mn less than one per cent, the 
half-maximum intensity half width A is given by 


aAm*v? 


SB, 
(13) 
Sir hs 


where 


sf 2RypF i, COS(2R m5.) — SIN(ZR pr 5n) \" 
Ph > 
a 
V 5h 


R 
(14) 
COMPARISON WITH EXPERIMENT 
W. D. Knicut has made a series of measure- 
ments of the Cu® nuclear resonance line in CuMn 
alloys. His results are presented in ‘Table 1 together 
with the values predicted using eq. (9) w here we 


have taken 


ay 3-61 x 10-8 cm.;, pL 2:226uN 


Table 1. Comparison of theoretical dipolar and experimental values of 


hi» fo and f;. 


Theoretical, eq. (9) 


oer. 
5200 
9000 
5200 
5200 
-ure 


Experimental 
fs 
ke.p.s 
3-46 
5°77 
7:16 
8-08 


copper: 
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xy being the nuclear magneton. The frequencies 
, fo, and f, are defined as 

at the maximum intensity, 

at the half-maximum intensity, 

at the fifth-maximum intensity, 


f, = frequency 
f, = frequency 
frequency 


all with reference to the derivative of the absorp- 
tion curve. It is apparent that the broadening due 
to the direct magnetic dipolar interaction can ac- 
count for at most 20 per cent of the observed width. 

Using KNIGHT’S measurements of the resonance 
line width and eq. (13) we can calculate the exchange 
coupling, A, necessary to account for the broaden- 
We assume the effective mass of the conduc- 
m; we calculate k,, from 


ing. 
tion electrons is m* 
; energy of copper on the free electron 
the hyperfine structure 
the 


the Fermi 
model: 


splitting. 


and a from 
+ We 


constant A, 


thus find for exchange 


oupling 


10-!* ergs 
DISCUSSION OF RESULTS 

In Figs. 2 and 3 we compare the observed reson- 
ance line to a Lorentzian and a Gaussian fitted at 
the maximum and half-maximum intensity points 
and to a histogram compiled from eq. (12) using 
3438 lattice sites. We note that the actual line 
appears to be slightly asymmetric. For the line at 

65°K the asymmetry might be due to variations 
in the temperature during the run. The line at 
4-2°K, a more stable operating temperature, ap- 
pears less asymmetric. Apart from this the line fits 
the Lorentzian shape reasonably well. 

For a Lorentzian line we can add the line widths 
due to the different mechanisms. Including both 
the dipolar and indirect exchange coupling inter- 
actions reduces our estimate of A from three to 
two times the free atom value. This is in accord 
with results obtained using measured values of the 
Néel temperature and electron resonance line width, 
but disagrees with the electronic g shift resistivity, 


— 


+ The hyperfine splitting for a ccnduction electron 
The ob- 
served hyperfine interaction in the free atom and the 
electron density 


vith wave number & is (1+4)a = hvpg,(k 


crystal differ because of the changed 


near r = 0, hence vyp,,(k) évg. The values of vg deter- 


mined from optical hyperfine structure measurements 


a 
and of £ determined from electronic specific heat experi- 
ments are given as 0-190 cm~! and 0-53 respectively in a 
review by W. D. KNIGHT 
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~ 6050 
H oersted 


Fic. 2. Cu nuclear resonance line in a CuMn alloy. The 

sample contains 0-029 atomic per cent Mn, H = 5200 

oersted, and J = 4:2°K. The Lorentzian and Gaussian 

curves are fitted at the maximum and half-maximum 

points. The histogram scale is chosen so as to compare 
the line widths and not the absorption maxima. 


Fic. 3. Cu nuclear resonance line in a CuMn alloy. The 

sample contains C029 atomic per cent Mn, H = 5200 

1:65+-C4°K. The curves are fitted as 
in Fig. 2 


oers ed, and T 


and nuclear Knicut shift results.“’{ The small 
value of A suggested by these latter measurements 
would produce a line width smaller than the dipolar 
width. If this be the case, it is necessary to intro- 
duce a further interaction to account for the ob- 
served line width. However, it is necessary to point 
out that the value of A obtained here is no more 
certain than the value of € used, and this is un- 
certain by a factor of two. 

To see that A could be higher than the free atom 


t Note added in proof. K. Yostpa has shown (to be 
published in Physical Review) that the electronic g shift 
and nuclear KNIGHT shift results are, in fact, in qualitative 
agreement with the results presented here. 
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value we consider what would happen if the 
manganese entered the crystal as Mn**. Since the 
copper is in the state Cu*, the conduction electron 
density tends to pile up in the vicinity of the Mn++ 
ion. On such a model the value of A could be 
larger than the free atom value. On the other hand 
it is equally simple to show that a smaller value of 
A is possible. 

In addition to the line shape and line width we 
have made estimates of 7,. The relaxation time 
calculated from the dipolar hamiltonian is of the 
order of 10°-10'° times longer than the Korringa 
time. Using the RUDERMAN-KITTEL hamiltonian 
and a value of A about twice the free atom value 
gives a relaxation time about 107-108 times longer 
than the Korringa time. If A should be an order of 
magnitude less than the free atom value, the re- 
laxation time is increased by two orders of magni- 
tude. Clearly these two mechanisms do not con- 
tribute to 7}. 

T. SuGAWaARA") has found for samples contain- 
ing zero and 0-028 atomic per cent of Mn the 
following: 


% Mn T°’K fT. Tor T, pane T, 


millisec millisec millisec 


0-0 3 . : ‘ 550 
0-028 3 : : 300 


The relaxation time depends quite strongly on the 
presence of the manganese. A possible explanation 
lies in the spin diffusion mechanism discussed by 
BLOEMBERGEN.“”) Our estimate indicates that for 
temperatures in the liquid nitrogen range the re- 
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laxation time is of the same order of magnitude as 
the Korringa time. At liquid helium temperatures 
the relaxation time obtained may be shorter than 
the Korringa time by an order of magnitude. 
Before a more detailed calculation can be made it is 


necessary to modify the BLOEMBERGEN calculation. 
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Abstract—The fre quency 
uncompensated ferrimagnet is derived 


In the lossless case the suscepti 


Irequencies and the cor 


1 the sshiletrs 
I two and three suDlattices 


1-Trequency 


14 
anisotropy helas are 


tors or the 


sublattices, corresponding to the case 


resonance frequencies can be estimated from the 
in the range of 
the magneto-optical Kerr effect is discussed 


expected resonance frequencies are 


frequency resonances by means of 


1. INTRODUCTION 
It is well known that the sublattice structure gives 


rise to some interesting modifications of the 


phenomena of ferromagnetic resonance in ferri- 


magnetics.“) In particular, it has been noted that 
in addition to the usual ferromagnetic resonance, 
whose frequency is proportional to the applied 
d.c. field, a secondary resonance should be ex- 
pected, whose frequency is proportional to the 
exchange field. For representative ferrimagnetics 
(such as magnetite or nickel ferrite) the second 
resonance frequency would be in the infra-red 
region. This problem was first studied by J. KAPLAN 
and C. Kirret,*) who calculated the magnetic 
susceptibility of a system of two coupled sub- 
lattices. The present paper is an extension of their 
work. 

Before going into detailed calculations for special 
models it is well to recall some of the general 
properties of the susceptibility. A gyromagnetic 
medium (such as a magnetized ferrite) is most 
conveniently characterized by its response to a 
circularly polarized driving field, 1.e. by its circular 
susceptibility. There are two circular susceptibilities 
corresponding to the two possible senses of rota- 
tion. The two circular susceptibilities are related 


by the symmetry relation 


rresponding optical strengths 
In agreement with the results of KAPLAN and KITTEL it is 


different for 


ordere d 


dependence of the magnetic susceptibility for circular excitation of an 
i from the KRAMERS-KRONIG relations for gyrotropic media. 


ility is completely determined by two sets of parameters: the 


These parameters are calculated 


10de of the two-sublattice system is optically inactive unless the 


the two sublattices. A system of three 


ferrites, is discussed in detail. The infra-red 
Néel temperature. For representative cases the 


10'* sec"?. A method of detecting the high- 


x,(w) = y_*(—w). (1) 


Thus y_ can be obtained from y+ by assigning 
negative values to the frequency. The definition 
of the positive sense of polarization 1s abitrary. It 
is customary to call that sense positive which 
excites the low-frequency resonance. 

Another general property of the susceptibility 
is contained in the IKRAMERS—KRONIG 
which describe the interdependence 


so-calle d 
relations,“ 
of the real and imaginary parts of the suscepti- 
bility. A generalization of these relations to the 
case of gyromagnetic media was first given by 
Gourary."? Stated in terms of the circular sus- 
ceptibilities the KRAMERS—KRONIG relations assume 


the form 


x’ '(w) =— 
(2) 
where the principal values of the divergent inte- 
grals must be taken, and y can be either y+ or y_. 

From the KrRAMERS—KRoNIG relations, one can , 
easily calculate the frequency dependence of the 


14 
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susceptibility in the presence of several resonances, 
provided that the resonance losses are restricted to 
infinitely small frequency regions. This is loosely 
referred to as the “‘lossless”’ case. If w(v = 1, 2,...) 
are the resonance frequencies, the imaginary part 
of the circular susceptibility is, in this case, 

x" (w) = 7 XQ: A(w—av). (3) 

- 
The factor 7 has been added for convenience. The 
constant 2, is a measure of the strength of the 
resonance at frequency w,. From the KRAMERS— 
KRONIG relation (eq. (2)), the real part of the cir- 
cular susceptibility is, in the lossless case, 
Q 


x) => _h, (4) 
iy & 


The resonance frequencies w, can be positive or 
negative depending on the sense of circular polariza- 
tion which excites the resonance. Since the energy 
loss is proportional to the imaginary part of the 
susceptibility, both y.” and y_” have to be positive 
for positive w. This condition is fulfilled only if all 
92,’s have the same algebraic signs as the corres- 
ponding w,. 

The obvious task of a detailed theory is to calcu- 
late the resonance frequencies w, and resonance 
strengths (2, for special examples of coupled sub- 
lattices. The physical model used in this calculation 
is as follows: each site of the sublattice 7 is assumed 
to be occupied by an ion of species #, which has a 
total spin of S; (i = a, b, c, ...). The magnitudes of 
the ionic spins are determined by intra-ionic 
exchange forces and are assumed constant during 
the resonance experiment. Adjacent spins interact, 
and the interaction energy is assumed to be pro- 
portional to the cosine of the angle between the 
spin directions. 

In Section 2, the magnetic resonance in a two- 
sublattice system is investigated. The classical 
equations of motion are used to calculate the sus- 
ceptibility since each sublattice is a macroscopic 
system. Different splitting factors and anisotropy 
fields are assumed for the two sublattices. In 
Section 3, the three-sublattice system is investi- 
gated, and the results are applied to ordered fer- 
rites. In Section 4, the frequencies of the two high- 
frequency modes for ordered ferrites are estimated 
from the Néel temperature. In Section 5, a method 
of detecting the high-frequency resonances is dis- 
cussed, 
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2. MAGNETIC RESONANCE IN A 
TWO-SUBLATTICE SYSTEM 
Let m,and m., be the contributions of the a and 
b sublattice to the magnetic moment per unit 
volume. 


=-—7 upNS,, 


a oa 


ml, =z —g,uBN S,. (5) 


S, and S, are the spin angular momenta of indi- 
vidual ions in units of fi, g, and g, are the spectro- 
scopic splitting factors for the two sublattices, 
#B = |e|h/2mc is Bohr’s magneton and N is the 
number of a or 5 ions per unit volume. For the 
sake of simplicity, assume that the d.c. field is 
applied parallel to a cube edge or a body diagonal 
of a cubic crystal. In that case, the effect of crystal- 
line anisotropy is equivalent to additional fields 
H, and H, acting on the two sublattices. These 
fields need not be equal. Let H and h be the d.c. 
and r.f. magnetic fields, respectively. Then the 
magnetic energy per unit volume is 


E _ —(m,+m,) (H+h)—m, y H,— 
—m,- H,+Am,- m, (6) 


where A is a dimensionless constant characterizing 
the strength of the exchange interaction. 

For small amplitudes of the r.f. field, m, and 
mm, deviate only slightly from their equilibrium 
directions, which will be assumed antiparallel and 
parallel to the z-direction. 

With these assumptions and approximations the 
equations of motion for the amplitudes of the magnetiza- 
tion vectors of the two sublattices may be reduced to: 

1 @® 
——| H+H,—AM,—— )A+AB =h 
Mg Ya 
| Ww 
AA+ H+H,+AM,—— 
M, 


Yo 


)e =h. (7) 


Here we have assumed circular polarization of the 
driving field, and circular polarization of the magnetic 
responses so that: 


= hei, ki, = —jhei™ 
jut jut 
= Ae ’ 
jut 
=: Be™, 


=—M 


mM, =—jA 
spilt (8) 


m,, = —jBe™ 


a> Mp, _ M,. 
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B is the periodic component of the magnetiza- 


the circular susceptibility is from eq. (7) 
A+B 
h W(w) 


V(w) 
(9) 
is a first-order polynomial 
¥yM,|y,(H+H,—AM,)—w)- 
Vo [y(H+H,+AM,)—@]+ 
+2r0y,.7,»M,M, 
1 second order polynomial 
W(w) = 
<[y,(H+H,+AM,)—w]+ 
+A*y,7,M,_M, 


[y(H+H,—AM,)—o] 


(11) 


the resonance fre quencies, 1.¢€., the 


The partial fraction expansion of 


Wy— W W,—W 


V(w ) 
(13) 


Wy— Wy 


The exact expressions for the resonance frequencies and 
the resonance strengths can easily be calculated from 
Since they are rather involved and 
it is 


eqs. (10) and (11) 


because A is usually a very large number (~~ 10%), 


reasonable to expand the results in powers of 1/A. The 
irst terms of these expansions are from eqs. (10) and (11) 


H,M,—H,M, 
(M, y,)—(V 


where 
M,—M, 


/ ai/a 


'  (M, 5,-<§, 


and M M,—M, is the net static magnetization. 


The power series expansion in 1/A obviously breaks 
down in the vicinity of the angular momentum compen- 
sation point, where w, becomes comparable to w». How- 
ever, an exact solution can easily be obtained for the 
case of an antiferromagnet. In this case Va Yo T> 
Hp —H, Hanis, Mp = M, and from eqs. (10), (11) 


and (13) 


Wo. = {H+ [Hanis(2AM + Hanis) ]} 


M, 
2X 
Hanis 
These results were previously derived by KEFFER and 
KITTEL." 


3. MAGNETIC RESONANCE 
IN ORDERED SPINELS 

For ferrites, the two-sublattice model provides 
only a very rough description of the actual physical 
situation. The crystallographic unit cell of the 
spinel lattice contains six magnetic ions (two on 
tetrahedal, four on octahedral sites). Therefore, 
one would expect six magnetic modes (spinwaves 
of infinite wave length) for such a structure, as 
opposed to the two modes of the previously con- 
sidered model. 

Another complication arises from the disorder 
in the distribution of the magnetic ions over the 
octahedral sites. In ferrites with the inverse spinel 
structure, half of the octahedral sites are occupied 
by Fe**~, half by Me** (where Me is a two- 
valent metal), and these ions are usually randomly 
distributed over the octahedral sites. Magnetite 
(Fe,O,) is an exception to this rule. At 118°K it 
undergoes an order-disorder transition, which can 
be attributed to an ordering of the ferric and 
ferrous ions on the octahedral sites.) The transi- 
tion is accompanied by a slight change of the crystal 
structure from cubic to orthorhombic. Below the 


transition temperature, the magnetite lattice has 
three kinds of sites occupied by magnetic ions: 


by Fe*** (a-sites), 
(b-sites), and 


tetrahedral sites occupied 
octahedral sites occupied by Fe*** 
octahedral sites occupied by Fe** 

Strictly speaking, the theory to be described in 


(c-sites). 


this section is applicable only to ordered spinels. 
However, it may also apply in a qualitative way to 
unordered spinels, where the 4- and c-sites are 
crystallographically equivalent. The disorder in 
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the ionic distribution will lead to an additional 
broadening of the resonance lines. 

The formalism of Section 2 can easily be ex- 
tended to the case of more than two sublattices. 
Because there are six magnetic ions per crystallo- 
graphic unit cell, a system of six coupled sub- 
lattices is an appropriate description of magnetite. 
The problem is simplified by the fact that there 
are only three different kinds of sites. As a conse- 
quence, three of the six magnetic modes are such 
that the spins of equivalent ions precess in phase 
(symmetric modes) whereas a phase difference of 
7 exists between the spins of equivalent ions for 
the remaining three modes (antisymmetric modes). 
The antisymmetric modes do not possess a mag- 
netic moment and thus cannot be excited by a 
driving field. For this reason, the magnetite struc- 
ture can be represented by a system of three 
coupled sublattices for the present purpose. A 
detailed spin wave analysis of the magnetite struc- 
ture has been given by Kovuvet. ‘® 

The theoretical analysis of the three-sublattice 
model is quite analogous to that given in Section 
2. The circular susceptibility is again represented 
by the ratio of two polynomials 


(17) 


where V(w) is a second order polynomial, and 


W(w) a third order polynomial. 

interaction between the two kinds of 
octahedral (b-c probably 
weaker than that between 
(a—b and a-—c interaction). 
Applied d.c. fields and crystalline 


The exchange 


sites interaction) is much 


octahedral and tetrahedral 


sites The b-c interaction will 
therefore be neglected. 
anisotropy will also be neglected since they have only a 
slight effect on the infra-red resonances, as was shown in 
Section 2 for the two-sublattice model. If Aq» and Aac 
are the exchange constants characterizing a—b and a-« 
interaction, the results for the three-sublattice model are 
given by eq. (17) where 


V(w) = A(w*?+ Pwt+O0)+pwot+q 


W(w) = —(w?+Pw?+ Ow) 


ls vaM, +yMyt+yM, ) 


—Aav(Yo M, ax Ye M,)— Nacly¥eMa—vaM-) 


INFRA-RED RESONANCES 


IN FERRIMAGNETICS 
—Aa~AaeM el —yey-Mat+ 


+yay-Mi+yvaveM.) 


Q= 


2 =AwM My (ve—V>)?+AaeM Ms 


wraeM {MM 
—M,M.y(n— 
+M,M.y 


YAVa-Yo)?— 
—V)?+ 
(Ya—Ve)"]- 


q =-—A 


w,, and w, be the resonance frequencies, i.e€., 


Then by partial fraction expan- 


Let wo, 
the roots of W(w) 0. 
sion from eq. (17) 


2 O 
“<0 mes = 


x.(w) = + + 


Wy— W W,—W 


> 


Wa—W 


where 
J rf Wy) 


(wWy—)(Wy— 2) 


V(w,) 
Q, = 


(wW,—W)(W, — Ws) 


Va.) 


(Wy—W)(W2.—}) 


Expressed in terms of the coefficients given in eq. (19), 


— 0 


puit+q 


W,(w, —Ws) 


post 
W(Ws—W}). 


(22) 


Further discussion of the magnetite case is simplified 
by the fact that the a- and b-sites are both occupied by 
Fet*~ ions. This means that the two individual magneti- 
zations M, and My» are equal. Furthermore, since the 
Fet*t* jon is in an S-state, the spin-orbit interaction is 
negligible and the gyromagnetic ratios for a- and b-sites 
should equal that of free electrons. Under these circum- 
stances, the coefficients of eq. (19) become 
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= \,.MM.(va—Vc)" 
p (Ya—e) (23) 


Thus the infra-red-resonance frequencies and resonance 
strengths are 


Aas 
¥Mi—Ya M, I | [GettemraMor+4 \ MMe | 


In agreement with the general considerations of Section 
1 the resonance strengths 22; and 2, have the same alge- 
braic sign as the corresponding resonance frequencies 
Wy and We 

The calculation can easily be modified so as to include 
the effect of an applied d.c. field. An applied field shifts 
all resonance frequencies toward the positive side. It 
increases the resonance frequencies of modes 
which are excited by the positive sense of polarization 


thi 
tnus 


and decreases the resonance frequencies of modes which 
are excited by the negative sense of polarization. 


4. ESTIMATE OF THE 
RESONANCE FREQUENCIES 

The exchange constants A,, and A,, that occur 
in the resonance condition (eq. (24)) are related to 
the Néel temperature of the material. In general, 
the Néel temperature will also depend on the ex- 
change constants for (a,a), (6,6), (c,c), and 
(b, c) ion pairs. However, as a rough approximation 
it may be assumed that the a—d and a-—c interactions 
are predominant. On the basis of this simple model, 
the Néel temperature will be expressed in terms of 
the exchange constants A,,, A,,, and the spins S,, 


kT 


M,MAy¥a—¥e)? 


/ 
| (Ma 
N 


yeM.)'+4— MMe | 


S,, and S,. Finally, the resonance frequencies of 
the high-frequency modes are estimated from the 
Néel temperature with the assumption that the 
two exchange constants are equal. 

For the calculation of the Néel temperature Ty, 
the conventional molecular field approach is used. 
The spin of each ion is treated as statistically 
independent, and the exchange interaction is taken 
into account by an effective field. The result of a 
straightforward calculation is 


kT y = dou p*N§ S,(S,+1) x 
< [54(S,+1)Ags?+-S(Se+ Age ]}. 
where & is Boltzmann’s constant. The resonance 


frequencies of the high-frequency modes are from 
eq. (24) for the case in which A,, = A,, = A 


w, =AyM,, 
Ww. = —AyM, 


(26) 


Thus, from eqs. (26) and (25) 


3S, 


h  {Sq(So+1)[Sp(Spt1)+5(5,+1)]}"" 


—kTy 


38, 


h {S,(Sa#1)[S5(Sp +1) + S(S.+1)]}_ 


With values appropriate for magnetite (Ty 
863°K, S, = S, = 5/2, S, = 2) this leads to 
wavelength estimates of 25 (positive polariza- 
tion) and 31 (negative polarization). 


Another estimate of the resonance frequencies 
can be obtained from recent specific heat measure- 
ments on magnetite by Kouvet.‘*) At low tempera- 
tures, the specific heat varies as AT?/* and A can 
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be related to the exchange constants. This estimate 
leads to wavelengths approximately 3 to 4 times 
larger than the previous values. 


5. DETECTION OF INFRA-RED RESONANCE BY 
MEANS OF THE MAGNETO-OPTICAL KERR 
EFFECT 

From the previous discussion, it may be con- 
cluded that the high-frequency resonance is not 
easily observed. It has been shown in Section 2 
and 3 that the high-frequency modes are approxi- 
mately (Ag/g)? times less active than the funda- 
mental mode. For this reason, the high-frequency 
resonances are easily observed only if the line 
widths are very small. The problem of line broad- 
ening will not be discussed in detail. Phenomeno- 
logically, the susceptibility of a lossy gyromagnetic 
material can be represented by 


. (28) 


mw Gs 
x(w) = x'(w)—jy’"(w) = > ‘ 


Wy —w+jduw 


v 


The constants 6, are a measure of the relative 
width of the resonances. Equation (28) is con- 
sistent with the KRAMERS—KRONIG relations and the 
loss criterion, wy’’(w) > 0, if all the 4,’s and 
Q,’s have the same algebraic sign as their corres- 
ponding resonance frequency wy. 

A very direct method of detection of the high- 
frequency resonances would be the measurement 
of the absorption of circularly polarized light. 
From a plot of the absorption coefficient versus 
frequency, the resonance frequencies might be 
obtained. This direct approach is not very promis- 
ing, because the lattice absorption has maxima in 
the same frequency range, and the magnetic part 
of the absorption is small compared to the total 
absorption. 

These difficulties can be avoided by measuring 
the rotation of the plane of polarization of a linearly 
polarized beam upon reflection from a magnetized 
surface (magneto-optical Kerr effect). ‘This effect 
has been used to illustrate the surface pattern of 
domains in ferromagnets.‘ For the present appli- 
cations, a linearly polarized beam is reflected back 
and forth between the plane surfaces of two ferrite 
discs which are magnetized parallel to the surface 
normal (Fig. 1). The ferrite discs must be reason- 
ably thick, so that the reflection from the back 
faces of the samples may be neglected. It will be 


RESONANCES IN 


FERRIMAGNETICS 


Incident beam (linearly polarized) 


Magnet ——— 
4 














Ferrite discs 
Reflected beam (plane 
of polarization rotated) 
Fic. |. The detection of infra-red resonance by means of 
the magneto-optical Kerr effect. 


shown that under such conditions and with the 

assumption that the dielectric loss tangent is 

small, the Kerr rotation at each reflection is 

on , 
a7 \ € 

= 


€«— 


(x4 —x-") (29) 


where e’ is the real part of the dielectric constant 
and y,’’ and y_” are the imaginary parts of the 
circular susceptibility for positive and negative 
excitation. The total rotation is # times the num- 
ber of reflections. 

To derive eq. (29), consider the reflection co- 
efficient for circular excitation. 


L 
€ 
-+.] 
€ 
The rotation of the plane of polarization is 
6 =4(¢,—¢_). 
The reflected wave is linearly polarized only if 
r,| = |r_|, otherwise it is elliptically polarized. 
Let 
p =1+4nry, €=€—Je"’. 


Under the assumption that y’, y’’, and e’’/e’ are 
small quantities of the same order of magnitude, 
from eqs. (30) and (32) 











€ 4irx —— 
N\ € 
> arc tan ~ 
«’—] 
€ 
e | 4z7y — (34) 
N\ 
«’—] 
Si «’ and «’’ are the same for both senses of 
circular polarization, eq. (29) is obtained from 


eqs (34) and | 31). 

Equation (29) shows that the largest rotation 1s 
The the 
resonance depends strongly on the 


btained at resonance. magnitude of 


‘f the resonance. Since the damping 





pa of eq. (28) are at present unknown, 
) reliable estimate of the magnitude of the Kerr 
rotation can be given. 


\ quantity which can be predicted without 


knowledge of the line widths is the integral of 
the Kerr rotation over the vicinity of the resonance 
frequencies. It can be shown from eq. (28) by use 


theorem that 


} r 1a ] 
ie rCsiauadl 


wn 


) dw S sea (3 ) 


resonances are sufhciently separated and 
the integration is extended only over the vicinity 


frequency w,, the integral of 


f the resonanc« 
2c ] >) ) 
eq. (35) is approximately equal to 272,/(1 2) 
hus, from eas. (29) and (35) 
. , 4 
(Zar )“+/« 02 
( aw = (30) 
east 1+6,° 
For practical purposes, 5, can be neglected in 
24 


6. CONCLUSIONS 


It has been shown that a modified form of ferro- 


+ 


netic resonance can occur 1n ferrimagnetics at 
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frequencies in the infra-red region. The optical 
strength of the high-frequency resonance is 
approximately a factor (Ag/g)* smaller than that of 
the conventional low-frequency resonance. In 
ordered ferrites (magnetite), two high-frequency 
resonances are expected at frequencies of approxi- 
If the width 
of the high-frequency resonances is sufficiently 
small, they can be detected by means of the 
magneto-optical Kerr effect. It has been shown 


mately 101% sec~! (wavelength 30). 


that the Kerr rotation is largest at resonance and 
its frequency dependence is similar to that of the 
absorption coefficient. 
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Abstract—Low-melting metals and alloys were heated in a Geiger-Miiller free-flow tube and the 
electron emission from their surfaces was observed in order to confirm earlier observations that an 
electron shower may occur upon solidification and to extend the number of materials so investigated. 
The solidification process in tin, bismuth, and cadmium is associated with an anomalously high 
emission rate. No emission peaks were observed during the solidification of lead, lead-tin alloys, and 
a cadmium-tin alloy. In the cases of lead and a cadmium-tin alloy, however, emission peaks were 
observed during the heating cycle at temperatures below the melting point. 

Earlier work of the emission effect (Kramer effect) is reviewed and possible mechanisms are 


discussed. 


INTRODUCTION 

INVESTIGATIONS initiated in Germany shortly 
before World War II disclosed that abraded or 
polished metal surfaces emitted electrons at tem- 
peratures well below those characteristic of therm- 
ionic emission. Much of the original work was done 
by J. Kramer,“-*) who demonstrated that the 
intensity of the emission was highest immediately 
after the abrading operation and that it decayed 
with time. Further, when an abraded specimen was 
heated, a maximum was observed in the emission 
rate at a certain temperature. Kramer noted the 
same emission effect from evaporated metal films 
and from certain plastically deformed materials. 
His findings have since been confirmed by many 
investigators, (-1%) 

The first careful analysis of KRAMER’s work was 
undertaken by HAxEL, HOUTERMANS, and SEEGER"? 
who showed that the emission rate (/) from an 
abraded surface decays with time (t) according to 
the hyperbolic relation 


It constant. 


The value of the constant depends on the metal and 
on the temperature. They also applied a series of 
different heating cycles to an abraded gold surface 
and found that the emission peaks occur always at 


221 


the same temperature; and although the magnitude 
of the peaks depends upon the heating cycle, the 
total number of electrons emitted is the same for all 
cycles. 

An emission after-effect following high current 
discharges has long been known to exist,“4-!®) and 
HaxeEL and his co-workers) noted that this emis- 
sion decays in the same manner as that following 
abrasion. Irradiation with X-rays and ultra-violet 
light, according to KRaAmer,®:?%) also produces 
emission after-effects on mineral surfaces (fluorsparf 
potassium sulfate, quartz, gypsum); tempering 0, 
the irradiated surfaces brings about the familiar 
peak values at certain temperatures which, how- 
ever, are not identical with those observed after 
abrasion of the same material. KRAMER concluded 
therefore that 
necessarily have the same effect on the emission 
phenomenon. SEEGER"®) did not share this point of 
view, having found that the temperatures of the 
peaks, although not their magnitudes, are entirely 


abrasion and irradiation do not 


independent of the surface treatment. Emission 
after-effects from metallic surfaces subsequent to 
irradiation with electromagnetic waves in the 
visible and ultra-violet regions have also been re- 
ported. (29 21) 

Much of the experimental evidence pointed 
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of oxygen adsorption as the 


lous emission after-effect. 


suggested that 


metal surface gener- 


d SEEGER 


vhere the normally exist- 
vas disrupted, and subsequent 
at these re gions provided the 

yr ejection of electrons; thermal 
1e adsorption process accounted for 
yf the emission rate. Since this 
not account offhand for the 

h were observed upon heating, 
postulated that the distribution 


egions having a given activation 
1 certain activation energy ranges. 
LOHFF and RAETHER”!) 


the oxidation concept. They tested 


seemed 


of various metals after abrasion in 
a strong emission effect with 


, , 
ana found 


ffects with magnesium, strontium, 


1 aluminum, and only minute emissions 
] 
i 


ead, and indium. They concluded 
from this series that the magnitude of the effect was 
determined by the affinity of the metals for oxygen. 
In order to separate the effects of oxygen ad- 
sorption from those of surface treatment, SEEGER?) 
bombarded an annealed tungsten foil with elec- 
trons in vacuo and found the usual emission peaks 
during subsequent heating. However, when the 
foil was heated to 1000°C for fifteen minutes, the 
oxide film disappeared, and subsequent electron 
bombardment of the (cold) foil failed to cause an 
emission peak during heating. The specimen could, 
however, be reactivated by oxidation in air followed 
by abrasion. SEEGER’s studies thus indicate a mech- 
anism requiring both oxygen adsorption and surface 
working. Along similar lines, BoHUN and his co- 
workers"*) suggested that an oxide layer may act as 
an insulator in which “color centers’’ form, very 
much like the well-known color centers in alkali 
halide cry stals. The color 
centers by thermal effects is in their opinion 
associated with the emission of electrons. 
metals 


extinction of these 


Emission during solidification of was 
first investigated by Kramer,“ who observed an 
emission peak during the solidification of Woop’s 
metal but none during melting. BRUNA and co- 
workers’ confirmed this experiment, finding the 
same effect during solidification of mercury. They 


concurred with KRAMER in attributing the emission 
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to the exothermic nature of the solidification re- 
action, in line with the idea of an emission caused 
by exothermic chemisorption of oxygen. 

Some of the investigations briefly described here 
leave little doubt that the adsorption of oxygen or 
possibly other gases is linked to the anomalous 
emission process. Yet, SEEGER’S work and also the 
meager information available on solidification re- 
actions point toward more complex causes. The 
present investigation was aimed primarily at pro- 
ducing further experimental evidence regarding the 
anomalous emission effect, in the hope that it 
eventually may lead to an understanding of its 


causes. 


EQUIPMENT AND PROCEDURE 

The equipment centered about a Geiger-Miuller free- 
flow tube (Fig. 1) 

preamplifier (Atomic, Model No 2043) and amplifier 

Model No. 205B) to a decade counter (Berkeley, 


The tube was connected through a 


(Atomic, 


o 
4 copper tubing 

for cooling water 
Porcelain crucible 


Copper insert 
— 


t 9 


Amphenol! plug 
Thermocouple and 


Furnace windings 
power connections 


Brass bellows 


Model No. 2000). Connected in parallel with the latter 
was a rate meter (General Radio, Model No. 1500A) and 
recorder (Esterline-Angus, Model No. AW). The decade 
counter also provided the high voltage for the tube. The 
potential used in the Geiger counter during these ex- 
periments varied between 1600 and 2100 volts. Too high 
a potential tended to increase the background count 
unduly. 
The gas 
isobutane in helium, which was passed over hot copper 
turnings and through a drying tower in order to eliminate 


used in the tube consisted of 1 per cent 


traces of oxygen and moisture 
The temperature was by means of a 
chromel-alumel thermocouple (B and S gauge No. 28) 


measured 
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inserted in the specimen and connected to a potentio- 
metric strip-chart recorder (Brown, Model No. Y 
153X17P-X-6(V)). During some of the runs, however, 
temperature readings were taken with a potentiometer 
once or twice per minute. There was no need for positive 
temperature control of the small furnace, since all ex- 
periments were carried out on continuous heating and 
cooling cycles. The thermocouple head was not readily 
positionable with respect to the surface of these small 
melts, but it was always within the melt and never 
farther than about } inch from the surface in contact with 
the counter gas. 

After the insertion of the specimen into the tube, the 
system was evacuated by a mechanical pump and then 
flushed out several times with the purged Geiger flow 
gas. 

The rate meter proved useful only in indicating the 
time at which electron showers occurred. In view of the 
extremely slow response to decreasing counting rates, the 
particular instrument used in this investigation was not 
suited for the recording of complete emission-rate curves. 
Data collected were therefore based on the scaler read- 
ings taken every thirty seconds in the critical regions and 
every minute in the background regions. 


RESULTS AND DISCUSSION 
The observations described below were made 
during continuous heating and cooling of the 
metals and alloys. By necessity they were restricted 
to those melting well below the thermionic emis- 
sion range. 
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Time 
Fic. 2. Tin. Tube potential: 1950 volts. 
Emission rate in counts/min. 
Specimen temperature in °C. 


The results obtained with tin are illustrated in 
Fig. 2. The specimen used in this case had been 
melted several times before the test and was 
covered with a visible film, probably an oxide. The 
emission peaks at the solidification point were very 
pronounced. 

In order to follow the reaction more closely, a 
small bismuth specimen, which upon solidification 
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also showed the anomalous effect, was cooled 
slowly from the liquid state. Emission was observed 
by means of the rate meter. Results shown in Fig. 
3 indicate clearly the coincidence of solidification 
and emission peak. 
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Fic. 3. Bismuth. Tube potential: 2100 volts. 
— Emission rate in counts/min. 
- — Specimen temperature in °C. 
Cooling curve shows undercooling followed by recales- 
cence. 


Another low-melting metal, indium, produced 
ambiguous results. During the heating portion of 
the first cycle a high emission peak was observed at 
50°C (the melting point of indium is 156°C), but 
upon subsequent cooling, there was no maximum 
at the solidification temperature. These results 
seemed to indicate that the indium was cold 


worked during the preparation of the specimen and 
that emission peak at 50°C was analogous with the 
peaks observed by Kramer and other authors 
during tempering following abrasion. The mild 
maximum upon solidification during the second- 
cycle exceeded the background scatter only slightly 
and therefore was not considered conclusive. 
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Fic. 4. Cadmium. Tube potential: 1700 volts. 


— Emission rate in counts/min. 
— — — Specimen temperature in °C. 
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Cadmium specimens yielded results similar to 
those observed with tin, the emission peak upon 
solidification being pronounced and repeatable any 
number of times with the same specimen. Results 
are shown in Fig. 4. 

Since both cadmium and tin clearly demon- 
strated the emission effect upon solidification, an 
attempt was made to produce a similar effect in a 
tin alloy containing 18-7 per cent cadmium. This 
alloy, which has eutectic (at 176°C) and eutectoid 
at 113°C) transformations, did not reveal any 
emission peaks during the cooling cycle (Fig. 5). 








specimen temperature 


Emission rote 





18-7 per cent Cadmium 81:3 per cent Tin. 
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Tube potential: 
Emission rate in counts min 


Specimen temperature in ~C 


On the other hand, definite emission peaks were 


observed in the range between the eutectoid and 


the eutectic temperatures heating. As a 


result of nonhomogeneous cooling, the material 


upon 


may have possibly undergone alterations equivalent 


to cold working. Subsequent heating would then 
result in the same effect as tempering of abraded or 
otherwise cold-worked specimens. ‘The magnitude 
of peaks occurring during heating was substantially 
greater than those generally observed at solidifica- 
t10Nn. 

Heating of 
similar to that observed in the tin-cadmium alloy. 


unalloyed lead produced an effect 


The peaks occurred at temperatures between 
230°C and 315°C (the melting point of lead is 
327 C). As demonstrated in Fig. 6, these peaks 
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were particularly high. It is noteworthy that these 
results could be obtained with some specimens, but 
not with others. It thus appeared that the thickness 
of the surface oxide layer, which is difficult to 
control, had a decisive effect on the emission. 
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Lead. Tube potential: 1750 volts 
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The oxidation process per se can be responsible 
for these peaks only if the oxide layer is destroyed 
during the melting. There is no evidence for this. 
Indeed, the observations of GRUHL®*) and WEBER 
and BAaLpwIiNn(*) that up to 450°C PbO 
forms a compact scale both in the solid and in the 


show 


liquid states. 

An attempt to 
from lead-tin alloy surfaces was unsuccessful. The 
eutectic alloy (62 per cent Sn, 38 per cent Pb by 
weight) and a lead-rich alloy (15 per cent Sn, 85 
per cent Pb by weight) failed to give emission peaks 
during heating or cooling. Actually, if the pheno- 
menon were due to an oxidation process alone, it 
would have been expected to occur in these two 
alloys because tin oxidizes preferentially and has a 


observe anomalous emission 


greater affinity for oxygen than lead. °°) 
Thallium failed to produce definite emission- 
rate peaks upon heating. A mild peak was observed, 
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however, at the solidification point in a specimen 
which had been intentionally oxidized in air. This 
result could not be repeated and therefore was not 
conclusive. There was no indication of the effect 


at the allotropic transformation temperature of 


thallium. 

The results of this investigation, in particular the 
observation of emission peaks during repeated 
heating and cooling cycles of the same specimen 
corrobrated the concept that oxidation is not the 
sole cause of anomalous emission. NASSENSTEIN(?°) 
pointed out that two alternative interpretations 
may be given to this emission phenomenon: either 
the emission energy is provided by exothermic 
reactions, such as solidification or chemisorption, 
or electrons exist at high energy levels requiring 
only little or no energy for their ejection. He sug- 
gested further that, in the latter case, high energy 
electrons might be associated with lattice defects. 
Further studies are required to determine the 
exact relation between lattice defects and electron 
emission, particularly with regard to the role played 
by the oxide layer. This approach may prove 
fruitful in explaining the emission peaks observed 
after surface working. It might also serve as an 
explanation of the emission peaks near the solidi- 
fication point, if one assumes an imperfection 
mechanism for the solidification process. 


SUMMARY 


The solidification of tin, bismuth, and cadmium 
is associated with a sudden burst of electron emis- 
sion. This phenomenon can be repeated any num- 
ber of times using the same specimen. No emission 
peaks were observed during the solidification of 
lead, lead-tin alloys, and a cadmium-tin alloy. 
inconclusive 


Thallium and indium produced 


results. In the cases of lead and a cadmium-tin 


alloy, however, emission peaks were observed 
during the heating cycle at temperatures below the 
melting point. 

It is suggested that the emission may be associ- 
ated with the migration of lattice imperfections 
through the oxide film on the metal surface. The 
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phenomenon might eventually develop into a tool 
for the study of lattice imperfections. 
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Abstract 


the temperature range from 20 


‘*as-receive 
it. 


conductivity over the value in the 


DV w-temperature recovery reduces 


is to be 1-07 


tound 


steady 


d’’ 


Measurements of the steady-state ionic conductivity of synthetic crystals of NaCl in 
to 100°C are reported. It is found that annealing increases the 


condition, while plastic deformation followed 


Neither treatment affects the activation energy, which 
0-05 eV. The results further indicate that the structure sensitivity of the 
-state conductivity is not related to the space-charge polarization phenomenon. Comparison 


f the present data with earlier results on the structure sensitivity of the X-ray coloration of similar 
crystals suggests that in both cases the effects of thermal and mechanical treatment are probably 


Lue 


INTRODUCTION 


Ir is well known” that the ionic conductivity, o 


4» 
of alkali halide crystals shows two distinct branches 
inst the reciprocal of the 


in a plot of loge aga 


absolute temperature. The high-temperature or 


“intrinsic” branch is linear, and is highly repro- 


ducible from specimen to specimen of a given 
] 
i 


ide. It has been established that in this 


alkali ha 
region both the number of charge carriers and 
increasing 
the 


their are increasing with 
temperature. In the branch, 
logc vs. T-! curve is substantially flatter, the 
conductivity is observed to be highly structure 
strongly dependent on impurity 


mobility 


I lower where 


sensitive (1.e., 
content and on the previous history of the crystal). 


It 


crystal, the conductivity in this structure-sensitive 


has 


been demonstrated) that, for an annealed 
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to changes in the state of dispersion of impurities. 


region is controlled primarily by the concentra- 
tion of divalent positive-ion impurities. This 
result may be understood in terms of the fact that 
the positive-ion vacancy is the predominant 
charge carrier in the alkali halides, and that each 
divalent positive-ion impurity must be accom- 
panied by such a vacancy in order to maintain 
electrical neutrality. The temperature at which 
the transition occurs between the intrinsic and 
the structure-sensitive branches of the curve of 
log o vs. T-? is in the vicinity of 500°C for NaCl 
crystals of normal purity. The structure-sensitive 
branch usually shows a distinct negative curvature 
in the region just below the break, but closely 
approximates a straight line for temperatures below 
about 200°C. This curvature may be attributed to 
association between divalent impurity ions and 
positive-ion to neutral com- 
plexes. The present work is concerned with mea- 


G 


1S 


vacancies form 
surements in the region below 200°C, which will 
be called the “low-temperature” range. 

Elementary theory”) indicates that the variation 
of ionic conductivity with temperature should 
be of the form 


o = (A/T) exp(—e/kT) (1) 


where A isa constant and ¢ is an effective activation 





STRUCTURE SENSITIVITY OF LOW-TEMP. IONIC CONDUCTIVITY OF NaCl CRYSTALS 227 


energy.* Since the exponential term varies much 
more rapidly than 1/7, experimental results are 
often presented in the form 


o = Bexp(—e'/kT) (2) 


where B is a constant. The quantity ¢’ differs 
only slightly from e, in view of the relatively small 
temperature range usually involved. 

In the low-temperature range, measurement of 
the conductivity of NaCl is complicated by the 
appearance of a transient effect, whereby the 
apparent conductivity (obtained by dividing the 
current density by the externally applied field) 
decreases with time from an initial value, o,, to 
a steady-state value, o,,. This is the well known 
space-charge polarization phenomenon charac- 
teristic of most dielectric materials.@:*) It has 
been attributed to pile-up of charge carriers at 
barriers either at the electrodes: ® or at internal 
barriers within the crystal.) Both o, and o,, are 
found to obey a temperature dependence of the 
form of equation (2). 

In addition to the effects of divalent cation 
impurities on the structure-sensitive conduc- 
tivity, there are several reports in the early 
literature on the effect of thermal and mechanical 
treatment on the conductivity of NaCl crystals 
in the low-temperature range. Most of this work 
was done with natural crystals of rock salt, and 
there were considerable differences in the magni- 
tude of the effects observed for crystals from differ- 
ent sources. In general, annealing was found to 
increase both the initial and the steady-rate 
conductivities at room temperature over that of 
the untreated (“as received”) crystal. Kassex, ® 
who measured o,, and QUITTNER'9) who measured 
both o, and o,,, found that both the pre-exponen- 
tial factor, B, and the activation energy «’ were 
generally decreased by annealing of natural 
crystals. The changes in these constants were 
such that the room temperature conductivity 
usually increased. Kassel also investigated the 
effect of thermal treatment on o,, of synthetic 
crystals grown from the melt from analytical 


* If association of vacancies and divalent impurities 
is nearly complete in the low-temperature range then 
it is readily shown that « = €;+€,/2, where ¢; is the 
jump (or migration) activation energy of a positive-ion 
vacancy and e, its binding energy to a divalent impurity 


on. 


grade NaCl. For these specimens «’ was unaffected 
by annealing (to within + 2-5 per cent) but B was 
increased by about a factor of 3 after a 700°C 
anneal. More recently, RussELL and Maurer ®) 
have observed increases in the a.c. conductivity 
of synthetic alkali halide crystals on prolonged 
heating above 400°C, while CUNNELL and SCHNEI- 
DER“) found lower conductivity, o», in specimens 
of KCl cooled very slowly to room temperature 
(over a 36-hour period) than in “normally” 
treated specimens. Cunnell and Schneider also 
found a decrease in conductivity produced by 
quenching, but this treatment probably resulted 
in some plastic deformation. 

Plastic deformation of natural rock salt has been 
found to produce varied effects on the low- 
temperature conductivity, after the decay of 
transient effects of the deformation. STEPANOW(?) 
found that deformation in the range 30 —70°C 
increased c,, slightly, while deformation at 170°C 
decreased c,, by a factor of 3 to 4. QuiTTNER‘® 
found that stresses of the order of only 15 g/mm?, 
applied at 200 C, caused an increase in both B 
and e’ (resulting in a decrease in room-temperature 
conductivity) for o9 as well as c,,. No results on 
the effects of plastic deformation on the conduc- 
tivity of synthetic crystals appear to have been 
reported. 

It is the purpose of this paper to report on some 
recent observations of the effect of thermal treat- 
ment and deformation on the steady-state con- 
ductivity of NaCl crystals grown from the melt 
by the Harshaw Chemical Company. This infor- 
mation was thought to be of particular interest 
since Harshaw crystals are currently widely 
employed in this country for investigations of the 
properties of alkali halide crystals. In addition, 
the conductivity measurements complemented an 
investigation of the structure sensitivity of the 
X-ray coloration of NaCl crystals from the same 
source, undertaken at this laboratory.“%) The 


present paper is not concerned with the transient 
effects of deformation on the conductivity, a 


subject which has been taken up elsewhere.(* 1°? 


EXPERIMENTAL PROCEDURE 
Each specimen was in the form of a plate about 1 mm 
thick and 1 cm on a side which was cleaved from NaCl 
single crystal blocks obtained from Harshaw. Colloidal 
graphite electrodes were painted on the large faces of 
the specimen crystal. The conductivity was determined 
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measuring the current flow through the crystal a crystal from curve A to a value about half way 
hen a known electric field was applied across it. The — between curves A and B (indicated by the point 
nents were made with a bridge-type ‘ ; ; 7 

- with the dashed line through it). Recovery anneals 


at successively increasing temperatures con- 


measure! 
amplifier patterned after the circuit of 
with a galvanometer as indicator. The 
instrument was 5x10-'* amp/mm_ tinued to decrease the conductivity until (after 


ohm grid resistor The response time of ed heating to 160°C for about 15 min) a level shown 

— caer wes determined largely OY in the figure by curve C is reached. Although 
the galvanometer, was about 10 sec. a 

sa sacaealle Geis alloeey tei canned Cox te only two points are shown on the latter curve, 

even at room temperature. each point is the result of three measurements 

the metal electrodes contacting it taken over a time interval of about 5 hours. Fig. 1 

the axis of a cylindrical electrical 

ice. This assembly, together with the 

grid resistor, were enclosed Temperature 


ubes and the grid l r, 
80 70 60 50 40 3025 








ld can which was first evacuated and then 
with d all making the measurements. ies 
nperature, which was measured with a Chromel- ¢ pl 

moc uple located adjacent to the crystal, e~onnedieg 
nstant to 0:25°C. Measurements were 
nade between room temperature and 100°C 
1 fields of from 10 to 10° V cm were employed 
pendence of the steady-state conductivity 
strength was observed in this range. The 
ive values of the conductivity 
f 5 per cent. Errors in the absolute 


be somewhat greater, but such errors are 


onductivity, 


O 


quence in the interpretation of the present 


1ade on samples in_ three 
crystals which had received 


than cleaving to size and electrode 





plication, designated as ‘‘as receive d’’ crystals: (b) cry- 


r 4 to 8 hours at approximately 600°C 





air atmosphere and then furnace 


cold worked in compression (by LT ' ,; 

7 , ’ 1 ‘IG 1e dependence of the steady-state co >t1V 

Imaker’s vise) and given subsequent gets 1¢ steady-state conductivity 
on the absolute temperature for sodium chloride 


crystals in the following conditions: Curve A: annealed; 


curve B: as received: curve C: cold worked, followed 


temperatures up to 160°C To 
surfaces during defor- 


lavers of aluminium ‘aos 
Jlaced between the crystal and by recovery anneal at 160°C. The point between curves 
macea Dery l l TYSte “ ‘ _ : Sort 
nt ; \ 3 \ and B identified as ‘‘C.W represents the conduc- 
The average plastic strain in each of the 
tial spent: ome entheeted op im. alent tivity of the cold worked crystal (after standing 24 hr 
TAC? 4 YStdais Was SLITTILAL t < o 
transn itted pol rized at room temperature). 


ormation to be quite inhomo- 


but examination with 
the def 
shows that equation (2) is obeyed very closely in 

to the graphite ? : : 


the complication of damé 


: ; the present range of measurement, and _ that, 
detormation and annealing operations, . h . . a a 
were alwavs removed prior to such Within experimental accuracy, the quantity «' is 
the same regardless of prior treatment. The repre- 
sentation of the data on a plot of logo vs. T—! is 
RESULTS only for convenience. As discussed in the I[ntro- 
duction, equation (1) is more fundamental than 


equation (2), and is obeyed equally well over a 


reapplied again afterwards 


Typical data for the variation of steady-state 
conductivity with temperature and prior treat- 
ment are presented in Fig. 1. On annealing (curve narrow temperature range. The present data 
A) the conductivity was increased by a factor of give « = 1-07+-0-05 eV (while «’ is 3 per cent 
about 2-5 over the “‘as received”’ value (curve B). lower) 


Cold working, followed by a 24-hour recovery at In measuring the volume conductivity of in- 
sulators, care must be taken to insure that surface 


room temperature, decreased the conductivity of 
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leakage currents do not contribute appreciably to 
the measurement. The relatively high value of 
« obtained, in good agreement with that found by 
other workers, indicates that surface currents 
were not appreciable in these measurements. To 
obtain a further check on the absence of surface 
leakage, measurements were made on an annealed 
crystal with guarded electrodes. It was found that 
the value of o,, obtained with guarded electrodes 
was identical, within experimental error, to that 
measured on the same crystal with the regular 
electrode arrangement used for the other measure- 
ments. 

Since, in general, only the steady-state conduc- 
tivity, and not the initial conductivity, was mea- 
sured in these experiments, it seemed necessary 
to ascertain to what extent changes in c,, with 
prior treatment could be related to changes in 
the space charge polarization effect. In this con- 
nection, useful information was obtained from 
one crystal (no. 2), which was the only one of the 
various specimens studied for which the space 
charge polarization was slow enough that the 
entire polarization curve could be followed with 
the present equipment. This crystal showed a 
for the transient current 
For five other 


mean relaxation time 
flow of about 300 sec at 24°C. 
annealed specimens this relaxation 
always less than 50 sec. The reason for the excep- 
tional characteristics of crystal no. 2 are not 
known. Nevertheless, the curve of co, vs. 7 for 
was identical with that of crystal 
no. 1, as shown in curve A, Fig. 1. 
annealed crystals also gave data which fell very 


time was 


crystal no, 2 
Four other 


closely on this curve, although there were appreci- 
able differences in the shapes of their polarization 
curves. 

The polarization curves were found to be highly 
sensitive to annealing and deformation, but the 
inability of the present equipment to detect the 
early stages of these curves made a systematic 
investigation impossible. It may be concluded, 
however, that although the space charge polariza- 
tion phenomenon and the steady-state conductivity 
are both structure sensitive, the factors which 
control the polarization curve are not the same as 
those which determine o,,. In particular, the value 
of co, (for a given prior treatment) appears to 
be much more reproducible than the shape of the 
polarization curve. 


P 


DISCUSSION 


In contrast to the early measurements on natura 
crystals, the present experiments show that neither 
deformation nor annealing changes the activation 
energy, ¢, within experimental error. These 
results are, therefore, in agreement with KaAssEL’s 
annealing experiments on synthetic crystals (see 
the Introduction). The value of « obtained here 
from o,, measurements (1-07-+-0-05 eV) is in 
good agreement with that found by other wor- 
kers@? 18) from and from 
measurements of oy of synthetic NaCl crystals 
in the low-temperature range, as well as with 
Kassel’s measurements of o,,. 

The quantity e observed in the low-temperature 
range is related to both the vacancy jump energy 
and the binding energy between a positive-ion 
vacancy and a positive divalent impurity ion.* 
The fact that this quantity is essentially constant, 
independent of heat treatment and deformation, 
shows that the variations in the structure-sen- 
sitive conductivity are related either to variations 


a.c. measurements 


in the numbers of charge carriers, or to changes 
in the space-charge polarization effect. ‘The present 
results seem to rule out the latter possibility, 
since there seems to be no direct connection 
between the space-charge polarization and o.,. 
The conclusion that heat treatment and defor- 
mation change the number of positive-ion vacan- 
cies present in the crystal receives strong support 
from the observations of the structure sensitivity 
X-ray colorability of Harshaw NaCl 
crystals by GORDON Nowick."%) ‘These 
authors have shown that there are two distinct 


of the 
and 


mechanisms for the formation of F-centers when 
‘rapid-type”’ 


‘ 


a crystal is irradiated. The first, or 
coloring occurs uniformly throughout the volume 
of the crystal and approaches a saturation F-center 
density of 10'*/cm*. It is attributable to the 
formation of color centers from existing vacancies 
slow-type’’ coloring 


“ce 


in the crystal. ‘The second, or 
may form F-center densities in excess of 1018/cm*. 
This process, which is normally observed only 
near the surface of the crystal (with unfiltered 
X-rays) is attributed to the creation of new 
vacancies by X-rays. GORDON and NOwWICK 
found the “rapid-type” coloring to be structure 
sensitive. Annealing at 700°C caused a marked 


“< 


* See footnote below equation (1). 
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increase in the colorability over that of the “as 
received’ crystal. Plastic deformation of the 


annealed crystal produced little change in color- 


ability, but deformation followed by low-tempera- 
ture nealing substantially reduced the coloring 
rate. Thus the “rapid type” colorability increases 


and decreases with recovery follow- 
in striking qualitative agreement 


present conductivity results. 


Che interpretation given for the effects of heat 
eatm¢ 1 deformation on the “rapid-type”’ 
ring is that these treatments produce changes 

he s of dispersion of divalent (and multi- 
lent) cation impurities present in the crystal. 
In terms of this concept, heat treatment takes 
| es into solution, but even upon relatively 

S cooling there is insufficient time for precipi- 
hus the ‘“‘as-received’’ Harshaw crystal, 

s both low colorability and conductivity 

st have received an unusually slow cooling 

I Ss preparation, sufficient to allow for some 
| ipitation of divalent impurities. Information 
obtained recently from the Harshaw Chemical 
Company (private communication) verifies this 
prediction, since their procedure is to cool the 
crystals to room temperature over a period of five 
to six days. The furnace cooling employed in the 


present experiments involved only a period of 


several hours; this was apparently too rapid to 
allow appreciable precipitation of impurities. 
The observation by CUNNELL and SCHNEIDER 
that unusually slow cooling reduces the conduc- 


tivity (see the Introduction) 1S also in agreement 


ith the above interpretation. 
: 7 
explanation for the effects of 


annealing in increasing the conductivity is that 


excess positive-ion vacancies are quenched-in 
from the intrinsic range. ‘This explanation is ruled 
out when one considers the slow rates of cooling 
used after annealing relative to the mobility of 
vacancies in the 300°C-500 C range.“ A second 


] 


alternative explanation is that the cooling rates 


used after annealing are not sufficiently slow to 
llow the formation of the equilibrium number 


] 


neutral complexes (divalent cation impurities 


low 


o! 


associated with positive-ion vacancies) at 


temperatures; thus the number of free vacancies 


is higher in an annealed specimen than in the 


much “‘as-received’”’ crystal. 


more slow ly ( ooled 


If this explanation were correct, the low-tem- 
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perature part of the conductivity curve would 
represent a frozen-in condition, and the observed 
« would be equal to ¢,, the vacancy-jump activa- 
tion energy. It would then be predicted that the 
structure-sensitive branch of the logo vs. 7- 
curve should show a positive curvature, 1.e. 
o-values at the high-temperature end of the range 
should fall above the straight-line extrapolation 
from low temperatures. Usually, however, negative 
curvature (i.e., increasing activation energy with 
decreasing temperature) is reported.“’) On the 
other hand, Kosayasui“®) has recently made d.c. 
measurements on annealed Harshaw sodium 
chloride crystals which show positive curvature 
in the range 175 T < 250°C. Since it is not 


clear whether o,, or some value intermediate 


between c,, and co, was measured, it is difficult to 
interpret his results. A possible explanation for 
this anomaly, however, is the disappearance of 
the space-charge polarization effect, so that o, 
comes into coincidence with o,; this has been 
reported®@® to occur below 300°C. In the range 
100°-175° C, Kopayasui finds an activation energy 
of 0-93 eV which is significantly smaller than the 
present value, but appreciably higher than that 
expected for ¢€; (approximately 0-80 eV).@ It 
therefore appears that the concentration of com- 
plexes maintains its equilibrium value down to 
room temperature in these experiments. Con- 
sequently, the concept of precipitation of im- 
purities on very slow cooling seems to offer the 
most reasonable explanation for the observations 
reported here. 

Direct evidence for the dissolution and pre- 
rock salt 
observed 


cipitation of impurity aggregates in 
was by Marruar@?) 


changes in the concentration of ultramicroscopic 


obtained who 
particles in a crystal as a function of heat treat- 
ment. The number of such particles increased 
with annealing temperature to a maximum near 
400°C, and then decreased toward zero as the 
melting point was approached. Recent evidence 
for precipitation, in NaCl containing divalent 
impurity additions, is presented by AMELINCKX et 
al,*) and by MiIkayeE and Suzuki.) 

In terms of the above interpretation, it is under- 
standable that of a_ previously 
annealed crystal should not have a large effect, 


deformation 


either on the colorability or on the conductivity, 


since impurities are already in solution. Low 
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temperatures annealing after deformation, how- 
ever, makes possible precipitation through the 
agency of dislocations, which greatly accelerate 
the precipitation process, (*: 24) 

It should be pointed out that the similarities 
between the coloration and the present conduc- 
tivity measurements are only qualitative. For 
example, whereas recovery at temperatures as 
low as 70°C reduce the conductivity of de- 
formed crystals to a level below that of the “‘as- 
received” crystal, the colorability following an 
anneal at 100°C was still greater than that of the 
“as-received” crystal. In this respect, it may be 
noted that the inter-relation between colorability 
and conductivity is rather complex. While the 
conductivity is related directly to the presence 
of positive-ion vacancies, the colorability is con- 
cerned with the formation of F-centers, which 
involve electrons trapped in negative-ion vacan- 
cies. Thus the increase in colorability which may 
be produced by the addition of divalent cation 
impurities®) (thereby introducing posttive-1on 
vacancies) must be related to the reduction of the 
re-combination probability for electrons and holes, 


by supplying traps for the holes.“: 75) Neverthe- 


less, the similarities between the present results 
and those on X-ray coloration is sufficiently great 
to suggest that the same explanation for the 
effects of deformation and thermal treatment 
applies to both phenomena. 
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Recent magnetic calculations of BROWN and LUTTINGER based on the BETHE-PEIERLS- 


Weiss method of computing magnetic order in ferro- and antiferro-magnetic spin configurations 


ire extended to obtain the fraction of the total energy of magnetic order and the fraction of the total 


magnetic order realized at 


ropy ol 
. - - 
1mecnNanically and Cla 


to or greater than unity 


the Curie temperature. Calculations are carried out both 
To a good approximation both methods give the same results 


Calculations are also compared with data obtained from 


ysis of magnetic specific heat curves obtained by HOFMANN, PAsKIN, TAUER and WEISS 


of the experimental specific heat data of antiferromagnetic salts 


The calculated 


is in good agreement with experiment while the calculated fractional entropy is 


that observed 


IN a recent paper, HOFMANN, PASKIN, TAUER and 


WEISS (HPTW) have shown that certain re- 


the experimental values of 


order in antiferro- 


h theoretical calculations 


work of BROWN and LUTTINGER™ 


he Heisenberg form for the exchange 


. In particular, HPTW find that the ratio of 


of magnetic to the Curie 
has both the magnitude and spin 
BL cluster cal- 


of HPTW 


é ; 
e some measure of the details of the 


from. the 


11 7 - ¢ } . -] 
here extend the work 


second-order transition. 
1 ] + - t r 
Unfortunately, calculations at the present time 
do not readily allow a direct comparison of the 


perature dependence of the specific 
I } 


tt ret | tery 


ICUOTC iCtdi Cll 
at of magnetic order with experimental data. It 
, however, to compare with experiment 
calculations of the fraction of the total energy and 
entropy that is realized at 7... From these fractions 
1 get a crude idea of the shape of the curve 

of specific heat arising from magnetic order. 


OUTLINE OF CALCULATION PROCEDURE 


To calculate the thermodynamic functions for the 


magnetic systems of interest, we need the appro- 
priate partition function Z. Various methods for 
approximating Z are available. A number of recent 
magnetic calculations?) all based on the Heisen- 
berg exchange formulation but using somewhat 
different procedures for calculating Z yield much 
the same results; in particular, the ratio of the 
exchange integral ] to RT. on the basis of the con- 
stant coupling method,’ KRAMERS-OPECHOWSKI 
the BETHE - PererLs - WEIss - LI 


method, and 
method? are approximately equal. We have, there- 
fore, chosen the methods for approximating Z that 
are most convenient for our particular calculation, 
namely, the calculation of the fraction of the total 
magnetic energy and entropy realized at the Curie 
temperature. 

We perform our calculations for the region 
ge ae 
Our Hamiltonian 
model of BrTrHe-PEIERLS-WEIss-L1,“ 
central atom with spin Sp» interacting with its 
Thus, the 


where the long-range order has vanished. 


will be based on the cluster 


namely 
with spins Sj. 


nearest neighbors 


Hamiltonian is given by 


o.- > &.. (1) 
hod 
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where z is the total number of nearest neighbors, 
J is the HEISENBERG exchange integral, and Sy 
and §; the respective spin operators. Using this 
Hamiltonian, we calculate the partition function 
Z by two approximation methods: a quantum 
mechanical calculation based on the BETHE- 
PrEIERLS-WEIss-L1®) method and a classical cal- 
culation based on the classical spin approximation 
of BL. The classical calculation is of interest in that 
it seems to reproduce the quantum mechanical 
results for spin equal to or greater than unity, and 
in addition the classical results can be given in 


closed form. 


CLASSICAL-SPIN APPROXIMATION 
In the classical spin approximation, the spin 
operators Sg and S$; are replaced by classical 
vectors of fixed magnitude but free to orient them- 
selves in any direction. The classical partition 
function, z, of a cluster of spins is an integral over 
phase space defined by the solid angle dQ; available 


to each spin vector, 


7 


Z = | exp(— H/T) dQ, dQ, ... dQ, 


| dQ,{ | dQ, exp[(2IS-S,)/kT]}*. (2) 


cet 


The term in the braces is integrated by replacing 
Sy: S; by S,? cos 6 where @ is the polar angle 
between Sp and S;. Eq. (2) can thus be written in 


the form 
Z = (47)**1[(sinh X)/X]*, (classical exact) (3) 
where 
X = 2|J|So?/RT. (4) 


Although the expression for Z is the same re- 
gardless of the sign of J, we have introduced /| to 
simplify the calculations that follow. This simpli- 
fication can be performed because BL have shown 
that the ratio //kT., which we need for our final 
numerical evaluation, is independent of the sign of 
J. It might also be noted that the partition function 
that we have given here corresponds to the BL 
classical exact calculation as opposed to the BL 
classical asymptotic calculation where the partition 
function for large z is derived by using random 


walk considerations to solve eq. (2). We have 


found that one passes from the thermodynamic 
equations derived on the basis of the classical exact 
partition function to those of the classical asymp- 
totic through the condition that X? < 5/2, a rea- 
sonable approximation in our work. Thus, it 
seems that the classical asymptotic expressions are 
also good approximations for small values of z (i.e 
z = 6). As those expressions are somewhat simpler 
than the classical exact, the classical asymptotic 
as well as the classical exact will be given through- 
out and will be derived from the classical exact by 
setting X? < 5/2. 

Having found the partition function of a mag- 
netic cluster, we may write F, the energy of order 
arising from the total spin system, as follows 


E = N(1/2)[—dInZ/d(1/kT)] (5) 


NekT(X cth X—1)/2. (classical exact) (6) 


Here N is the total number of magnetic atoms, and 
the factor (1/2) is inserted so that the interaction 
energy of each pair of spins is not counted twice. 
Letting X? < 5/2, we obtain from eq. (6) 

E NzkT X?/6. (classical asymptotic) (7) 
The quantity of interest for the final calculation is 
the change in energy in going from 7, to T = o. 
Thus, from eqs. (4), (6) and (7), 
N2kT (X 7,cth X 7, 


(classical exact (8) 


1)/2 


Eo—E rz, 


and 


Ex—Er, = NzkT,X}7,/6. 


(classical asymptotic) (9) 


In eq. (8) and in subsequent equations, the sub- 
scripts oo and 7’, refer to quantities evaluated at 
T oo and T T,., respectively. 

In the case of S, the entropy arising from the 
order of the total spin system, it is easiest to cal- 
culate directly the difference in entropy in going 
from T, to T 0. The resulting expression is 


S 7, =(NkR/2)x 
x {[d( T In Z) dT] x 


(=) E | (10) 
Zr-¢ . RT d(/kT) 1 7.) 


S'0 
[d( T In Z) dT] Tc} 
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From eq. (3) we find 


x {(X 7, cth X 7,—1)—In[(sinh X 7,)/X 7,]}. 


(11) 


(classical exact) 


Again we pass to the classical asymptotic result by 


setting xX? <5 2 


So—S N2kX7,,/12. 


(classical asymptotic) (12) 


The quantities of interest to us are | the 
change in the fraction of the total energy, and f,, 
the change in the fraction of the total entropy in 
going from 7, to T x0. These are related to the 


energy and entropy as follows 


W E r,/(N\J| 2s?) (13) 


(Sxo—S7,)/S 


(Sa —Sr,)/[NAIn(2s+1)]. (14) 


Here we have used the quantum mechanical ex- 
pressions for the total magnetic energy of the spin 
system," W 
Nkin(2s 
evaluation of eqs. (13) and (14) is achieved by 


the spin system, S 1). The numerical 
using the equations derived above for the energy 
and entropy, together with values for /| kT... The 
latter quantities are given by BL both in tabular 
forms and in the following closed forms 


(cth X 7.—1/X 7.) = 1/(z—1) (classical exact) (15) 


{3/[4s(s+1)]} x 
x [1 —(1—4/z)*] (classical asymptotic) 16) 


where X7, 
In the numerical application of the classical 
theory, S,? is replaced by s(s+1) so that Xr, be- 


is defined in eq. (4). 


comes 


X 7, = 2s(s+1)|J|/RT,. (17) 
In evaluating f,, and f, we have found that some 
simplification results in using the closed form in 


the final expression for f,, but no appreciable 


simplification results in using the closed form for 


f,. The final expressions for f,, and f. 


|]. zs? and the total entropy of 


may be 


s 


written as 


fu =(st1)/[s(2 (18) 


1)] (classical exact) 


(s+1)[1 
(19) 


(classical asymptotic) 


2{[X r,/(z—1)] 
In{(sinh X 7,)/X 7,]}/[21n(2s+1)] 
(20) 


(classical exact) 


2X7,/[121n(2s+1)]. 


(classical asymptotic) 


(21) 





7 





action of total energy attained at 


Fic. 1. A comparison of the theoretical and the experi- 
mental fraction of the total energy of magnetic order 
attained at 7., as a function of spin. The theoretical 
values are obtained quantum and 
classical (asymptotic) calculations for z = 6 and z = 8. 


from mechanical 


—classical asymptotic; quantum mechanical. 


Salt 
. MnCl, - 4H,O 
. MnF, 
3. MnO 
. MnBr, : 4H,O 
5. FeF, 
. FeO 
7. NiF, 
. NiO 
. CuCl, -2H,O 


Spin 
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™ 
Table 1 

Comparisons of f,,, the fractional change in energy and f,, the fractional change in entropy 

in going JT, to T = o derived on the basis of quantum mechanical, classical exact and classical 


asymptotic calculations. z equals the number of nearest neighbors. 


de 

0-725 
0-600 
0-632 
0-428 
0-400 
0-420 
343 
Sa3 
351 
311 
300 
315 
288 
280 
294 


0-213 
0-178 
0-155 
0-110 
0-112 
0-118 
0-091 
238 0-089 
244 0-094 
217 )-078 
214 076 
225 082 
203 070 
200 ‘068 
208 071 


0-479 
0-429 
0-439 
291 
286 
292 


243 


Quantum Mechanical 
Classical—Exact 
Asymptotic 
Quantum Mechanical 
Classical—Exact 
Asymptotic 
Quantum Mechanical 
Classical—Exact 
Asymptotic 
Quantum Mechanical 
Classical—Exact 
Asymptotic 
Quantum Mechanical 
Classical—Exact 
Asymptotic 


Xs, w(S,) Xs(2S+1) x 
5,(S,+1) 


In Table 1, numerical values for f,, and /, are fom 
given as a function of spin for z 6 and z 8. It x exp—{(J/kT)[S(S+1) 
can be seen that the values obtained for the classical 


So(Sot+ l )] } ’ 


(22) 


exact and classical asymptotic are approximately 


equal. In Figs. 1 and 2, we plot (1 —f,,) and (1—f,), 
the fractional energy and entropy attained at the 
Curie point, as a function of spin. The values 
plotted are those based on the classical asymptotic 
theory. The latter theory has been found by BL to 
more closely reproduce the quantum mechanical 
calculation of //kT,. We have similarly found that 
the classical asymptotic also more closely approxi- 
mates the quantum mechanical calculations of f,, 
and f,, as can be seen in Table 1 and Figs. 1 and 2. 


where the sum over S is from |S,—S,| to S,+ Sg, 
the sum over S, is from 0 to zSy, and w(S,) is the 
number of ways of forming a spin of magnitude S, 
from the z components 5S, and is calculated from 
the relation w(S,) = v(.S,)—v(S,+1) where v(M) 
is the coefficient of Y™ in the expansion 


(YSo4 YSo-14 ySo-24 4 Y-So)e, (23) 


Using the appropriate values of Z and its tempera- 
ture derivative obtained from evaluating eq. (22), 
the thermodynamic relationships between E, S, 
and Z given by eqs. (5) and (10), and tabulated 
values of //kT. given by BL (BETHE-PEIERLS- 
WEIss, antiferro), it is possible to obtain the ap- 
propriate values for f,, and f,. Quantum mechan- 
ical values for f,, and f, are listed in Table 1 as a 
function of s for z = 6 and z = 8. 


QUANTUM MECHANICAL CALCULATION 
quantum mechanical cluster 


The 
function Z,,, can be obtained from the work of 


BL* and is found to be 


partition 


* It might be noted that the partition function given 
by BL is exp (2, So(So+1)/AT) times the partition func- 
tion given above. In their work it was convenient to 
multiply the true partition function by the above ex- 
ponential term which is field independent and does not 
affect their Curie temperature determination. The ex- 
ponential term is, however, temperature dependent and 


RESULTS 
In Fig. 1 we plot the theoretical values for 


cannot be kept in the partition function used for thermo- 
dynamic calculations. 


(1—f,,) and (1—f,), the fractional energy and en- 
tropy attained at 7',, respectively, as a function of 
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pin 
nparison of the theoretical and the experi- 
fraction of the total entropy of magnetic order 
theoretical 


spin. The 


T,... as a function of 
mechanical and 


trom 


quantum 


c) calculations for z 6 and 2z 8. 


quantum mechanical. 


Salt 
Mn¢ l, 
MnF, 
MnO 
MnBr, 
FeF, 
FeO 

. NiF, 
NiO 
CuCl, -2H,O 


-4H.O 


-4H,O 


It can be seen that the 


and C lassic al 


spin for z 6 and z 8. 


quantum mechanical calculations 


give almost identical results for spin equal to unity 
or greater. This suggests that for most purposes the 
classical calculation may be used for determining 


he theoretical thermodynamic properties of anti- 


t 
ferromagnetic systems. 


In Figs. 1 and 2 we also compare the theory with 
experimental determinations of (1—f,,) and (1—f,) 
based on further analysis of the magnetic specific 
heat data of HPTW. The pertinent co-ordination 
numbers determined from neutron diffraction data 
are as follows: z = 8 for MnF,FeF, and NiF, 
and z = 6 for MnO, FeO and NiO. Although the 
co-ordination numbers for the hydrated salts are 
not known, their data are included for comparison 
purposes. The experimental fractional energies 
and entropies are estimated to be reliable within 
about five per cent of the quoted values. It can be 
seen that there is reasonable agreement with the 
fractional energy attained at the Curie temperature 
but poorer agreement with the fractional entropy. 
We interpret this as implying that the cluster 
theory based on the Heisenberg formulation only 
roughly predicts the shape of the specific heat 


curve. 
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Abstract—The magnetic specific heat of x-Mn is separated from the total specific heat and the 
resulting magnetic entropy and magnetic energy compare favorably with the suggested spin assign- 


ments from neutron diffraction measurements. 


INTRODUCTION 


NEUTRON diffraction measurements on «-Mn by 
SHULL and WILKINSON": 2) have revealed it to 
be antiferromagnetic with a Neéel temperature 
of ~100°K. From an analysis of the total para- 
magnetic scattering cross section at 295°K they 
suggest an average spin per Mn atom of 1-1 Bohr 
magnetons. An analysis of the intensities in the 
magnetic super lattice lines of the neutron diffrac- 
tion pattern at 4:2°K has led Kasper and 
Roserts®) to suggest two possible spin configura- 
tions. In their first configuration, crystallographic 
sites I and IJ, comprising 17 per cent of the 
atoms, have 1:54 Bohr magnetons; FEE. 
comprising 41-5 per cent of the atoms, also has 
1:54 Bohr magnetons, and site IV, comprising 
41-5 per cent of the atoms, has zero spin. In their 
second configuration sites I and II have 2-50 
Bohr magnetons; site III has 0-85 Bohr magne- 
tons, while site IV has zero spin. 


site 


* Permanent address: Boston College, Chestnut Hill, 
Mass. 

+ Temporary address: Cavendish Laboratory, Cam- 
bridge, England. 

t The proposal made in their paper that type-II] 
atoms have a spin of 3-08 Bohr magnetons for their 
first configuration and that type-III atoms have spin 
1-7 Bohr magnetons for their second configuration was 
based on the speculation that only one half of the type- 
III atoms were aligned. The above configurations, 
however, fit their data most closely. (Private communica- 
tion J. S. KASPER.) 


Specific heat measurements on «-Mn have been 
made by SHomate™) (50-300°K) and by Bootu®) 
et al. (12-20°K), the former measurements show- 
ing a peak at 95°K. It is the purpose of this note 
to compare the total magnetic entropy and energy 
with the above spin assignments by separating 
the magnetic specific heat from the measured 
specific heat. Such a separation has proved 
feasible for several ferromagnetic elements and 
many antiferromagnetic compounds, \® the result- 
ing entropy and energy being consistent with the 
known spin assignments. 


METHOD OF SEPARATION 
We assume that the total specific heat of «-Mn 
can be represented as a sum of lattice, magnetic, 
and electron specific heats. 


C,, (total) = C,, (lattice) + C,, (magnetic) 


- C,, (electronic) (1) 


The lattice specific heat is represented by a 
Debye function and the electronic specific heat 
is given by y7. At low temperatures (7 < 25°K) 
we assume the temperature dependence of the 
magnetic specific heat to be given by antiferro- 
magnetic spin wave theory”) and, using the low 
temperature expression for the Debye specific 
heat, eq. (1) then becomes 


C, (total) = 


464-5 
> T?+BT?+yT (2) 





238 _o@ - 

where 6 is the Debye temperature and B the spin 

wave coefficient.* A plot of C,,/T versus T? then 
/ 

from the 

of the 


electronic coefficient 


0 and the slope, m, 


determines the 
at 7 


straight line is given by 


inte rcept 


464-5 


A3 


we first assume in this temperature range that 
1é Magnetic spin wave term is negligible com- 
pared to the 
the Debye @ is obtained. (This assumption will 


lattice term then a lower limit to 


be modified below). This type of analysis by 
28 10-4 


300th 


cal/mole/deg”?. and 


gave 
392 K 
The 


represented by 


H 
specific heat of «-Mn above 25°K can be 

Cvo(1+AT)+C,(magnetic)+yT (4) 
where C,, is the Debye specific heat at constant 
AT) is a term which converts 


I 
volume and (1 


specific heat at constant volume to specific heat 
at constant pressure. In an analysis of many 
materials the value of A was found to 
10-4 


is so chosen for this analysis. Since 


magnetic 
be surprisingly constant‘*) and equal to 1-0 
deg. and it 
the Néel temperature, T 
that the magnetic specific heat is negligible at 
A, 


and + in eq. (3) gave a specific heat slightly higher 


is 95°K it is expected 
300°K. Substituting the above values for 6, 


than the measured value. Since only a lower 
limit to 6 was determined by Bootu, @ was raised 
to 460°K to agree with the observed specific 
heat measurements of SHOMATE at 300°K. Sub- 
stituting this value of @ into eq. (3) a value of B, the 
spin wave coefficient, was determined and indi- 
cated a contribution of 30 per cent to the slope, m. 


* Anistropy will cause deviations from T® in the spin 


wave specific heat but this effect will occur at lower 


temperatures 


Table 1. 


TAUER AND 


R. J. WEISS 








Cp in cal deg 'mole” 
— 





O 


SO 100—s «150 


200 250 300 
Temperature ‘K 


K 
1. Measured specific heat of «-Mn (upper curve) 


theoretical lattice plus electronic specific heats 


(lower curve). 


RESULTS 
Fig. 1 is the measured specific heat of «-Mn 
together with the calculated lattice plus electronic 
specific heat. The separated magnetic specific 
heat is given in Fig. 2. The total energy of mag- 
netization 


"=| C, (magnetic) dT 


Cp in cal deg 'mole™ 





Oo 


15O 200 
Temperature 


100 


Fia. 2. The separated magnetic specific heat of «-Mn 


and the total entropy 
F (magnetic) 
Cp 
- 0 1 
were determined by graphical integration. The 
results of this analysis are given in Table 1 
together with the estimated errors. 


Values of the Néel temperature, T., the Debye temperature, 0, electron specific heat coeffictent, 


y; spin wave coefficient, B; total energy of magnetization, W; and total magnetic entropy, S; all deduced 
from specific heat 


r 


95°K 460°K | (28 x 10-4 cal/mole/deg?.)) 2-0 x 


B 


10-® cal/mole/deg’*. 


W S 


95 cal/mole 15 |1-07 cal/mole/deg. 
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DISCUSSION 
The entropy per mole for the spin assignments 
of SHULL and Kasper can be calculated from the 
expression 


S = RX A; \n(2s;+ 1) 


where A, is the fraction of atoms having spin s,. 
If we assume in SHULL’s measurements that the 
type-IV sites have zero spin this yields an average 
Bohr magneton number of 1-44 for sites I, II 
and III. The value of the entropy for this con- 
figuration is 1-03 cal/mole/deg. while for KAsPER’s 
first configuration we obtain 1-07 cal/mole/deg. and 
0-93 cal/mole/deg. for the second configuration.* 
These values are in good agreement with our 
deduced value of 1-07-+-0-20. 

The value of W/RT, can be compared to the 
calculations of BETHE, PEIERLS, WEISS, and L1‘%) 
based on the Heisenberg type of nearest neighbor 
exchange formulations. It has been found that 
W/RT., appears to be a monotonically increasing 
function of the spin for a given co-ordination 
number z, and for a given spin decreases with 
increasing co-ordination number. Calculated cur- 
ves and values deduced from specific heat measure- 
ments are given in reference 6. For a substance 
such as «-Mn having various spin values on the 


* Strictly speaking expression (5) is only valid for 
half integral spins. The neutron diffraction measure- 
ments only determine the averag? moment for each 
of the sites 1, 11, III, IV. If we assume half integral 
spins at each of the sites such that their average value 
coincides with the neutron assignments (i.e. half of 
the type I and II sites have 2 Bohr magnetons and half 
have 3 Bohr magnetons in the 2nd Kasper configura- 
tion) then S becomes respectively 1:06 and 0-91 for 
1:02 for the SHULL 
negligible we 


the Kasper configurations and 
configuration. Since this difference is 
use the average spin values for convenience. 


atomic sites W/RT., is taken as 
W/RT, = XA,;W/RTs;,Z;) (6) 


where A, is the fraction of atoms per mole having 
spin s; and Z, are the number of nearest neighbors 
(Z; for «-Mn = 12). For the SHULL configuration 
we calculate W/RT, = 0-48. For the first KASPER 
configuration W/RT,, = 0-50 and for the second 
configuration W/RT, = 0-51. 
close agreement to calculated 
0-51-+0-07. 


These are all in 


our value of 


CONCLUSION 

The above analysis of the magnetic specific 
heat of «-Mn appears to be in good agreement 
with the neutron diffraction measurements, favor- 
ing slightly the first Kasper configuration. 
Specific heat measurements in the ranges 1-12°K 
and 20-50°K would be extremely helpful in 
establishing more accurately the parameters in 
the magnetic separation procedure. 

We wish to acknowledge the help and advice 
of Dr. A. PASKIN. 
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Abstract—A number of compounds of V 
, have been synthesized as 
infra-red transmission, 
icterize these compounds as 
components 
the atomic 


temperature, increasing as 


B and VI-B elements, with chemical formula M,‘ 
single crystals of fairly good purity 
and in some cases Hall effect, have been measured in order to 


semiconductors. 


increases. The mobilities obtained range from 
number of the 


B 


Resistivity, thermoelectric 


Experimental results have been interpreted 


to the usual simple semiconductor model. Energy gaps in these compounds have been 
i to range from 1-7 eV for Sb,S, to 0-16 eV for Bi,Te;, decreasing as the atomic number of 


15 to 800 cm*/volt sec at 
Deviations 


about 


components increases. 


the simple theory were noted mainly for the thermoelectric power. 


1. INTRODUCTION 
INVESTIGATION of some of the compounds of the 
1 V—B and VI—B elements, with chemical 
shown that they 


1. 
coium 


have 


T 
formulas M,‘-®N,‘! 
are semiconductors. A few of them, in particular 


) 


Bi,S,@ and Sb,Te,@ 


tioned as interesting photoconductors. Bi,Te,; has 


Sb,S., have been men- 
been singled out as having good possibilities for 
thermoelectric power and cooling applications.) 
With the exception of Bi,Te,, however, there is no 
indication that in any of the investigations care 
was taken to obtain single crystals of reasonably 
high purity. Most of the studies were in fact 
made on evaporated thin films of the compounds. 

In the present investigation, a systematic study 
of electrical and optical properties of these com- 
pounds was attempted in order to determine 
gaps, carrier and other pro- 
perties of importance in semiconductor appli- 
cations. In view of the known dependence of 


most of these properties on impurities and other 


energy mobilities 


crystal imperfections, an attempt was made to 
synthesize single crystals of good purity. Single 
crystals were successfully produced for Sb,S,, 


Sb,Se;, Sb,Te,, Bi,Se, and Bi,Te, and these 





at School of Chemical 
Engineering, Cornell University, Ithaca, New York. 


and Metallurgical 


compounds were studied in that form. Bi,S,, 
As, Te, and As,Se, were also studied, the two 
former in polycrystalline form, the latter in an 
Values of carrier 


resistivity, where these were 


amorphous or glassy state. 


concentration or 
obtainable, were indicative of reasonably good 
purity, although not purity of the order of that 
obtained for germanium, for example. 

The crystal structures of these compounds, 
which are rather complicated are summarized 
in Table 1. Sb,S,, Sb,Se, and Bi,S, are isomorphic, 
having orthorhombic lattices with four molecules 
per unit cell. In these compounds each antimony 
nearest-neighbor 
that are 
radii. 


or bismuth atom has three 


sulfur or selenium atoms at distances 
approximately the of the 
Beyond these, there are three or four additional 


sum covalent 
neighbors at distances that are not much larger. 
It is possible to think of this structure as made up 
of puckered sheets or planes of stoichiometric 
composition running parallel to the c-axis, and 
more or less in the [010] direction. The binding 
between these sheets is considerably weaker than 
that within the sheets. This suggests that cleavage 
would take place on (010) planes, and crystal 
growth in the [001] direction, and both have been 
found to be the case for these compounds. 
The group Sb,Te,, Bi,Se, and Bi,Te, are also 
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Table 1. Crystal Structures of M,‘-®N,! 


Compound Lattice 


Monoclinic!) 


As,Tes 


Sb.S, Orthorhombic'®)(®) 


Sb.Se, Orthorhombic‘?) 


Sb.Tes Rhombohedral'®) 


Bi.S, Orthorhombic'®) 


9 
9) 


Bi,Se, Rhombohedral' 


Bi, Te; Rhombohedral”? (® 


isomorphs, in this case with a rhombohedral lattice 
containing one molecule per unit cell. For these 
compounds the structure can be thought of as 
layers of each atom following one another in the 
succession characteristic of cubic close packing. 
In Bi,Te,, for example, the order would be Bi-Te- 
Bi-Te—Te, etc. Cleavage has been found to take 
place on the (0001) planes, i.e. between the 
layers referred to. As,Te, is monoclinic, with four 
molecules per unit cell. Although different from 
the others in this series of compounds, this 
structure is related in the sense that the volume 
of the unit cell and one lattice dimension, the 
4-05 one, are similar for all. 


2. PREPARATION OF CRYSTALS 

The compounds were made by melting the elements 
in stoichiometric proportions (to 50 parts per million) 
in sealed quartz capsules evacuated to a pressure of 
10-> mm Hg. 
capsule was baked at 100°C for 24 hours before it was 
sealed off. The sources and purities of the component 
elements are given in Table 2. 

The compound ingots were then broken into small 
pieces and loaded into quartz or graphite crucibles. 
The machined from U—1 grade United 
Carbon fired 24 hours at 1000°C in 
vacuum Purification and crystal 


For selenides and tellurides the loaded 


latter 
graphite and 
before use. 


were 


single 


D} 


BN,;"!-> SEMICONDUCTORS 
B Compounds 


Space Group Parameters of Unit Cell 


14-4A, 
9-92A, 


11-20A, 
3-83A 


;, (Pbnm) 
D3) (Pbnm) 11:58A, b 
3-98A 
D® (R3m) For hexagonal unit cell 
3d : - 4 
a 4-25A, c 30-3, 


D3? (Pbnm) 


D*, (R3m) For hexagonal unit cell 


a 4-14A, c 28: 


For hexagonal unit cell 


a 435A, c 30°3A 


De (R3m) 


growth were effected in a Bridgman type furnace or by 
zone melting. In the former case the crucible with the 
fragmented compound was placed in a quartz capsule 
which was sealed off at 10-° mm Hg after baking out 
In the Bridgman furnace the capsule was lowered from 
a hot zone 25 to 50°C above the melting point to a cold 
zone 25 to 50°C below the melting point. The gradient 
in the furnace between the zones was 20°C/cm. A drop- 
ping rate of 2 to 5 mm per hour was found to give the 
best results. Ingots 1 cm in diameter and 10 cm long 
were produced in this way, consisting in most instances 
of single crystals or two or three large grains. Evidence 
that purification resulted from the Bridgman process 
was the occurrence of higher resistivity near the center 
of the ingot, and in some cases segregation of a second 
phase at the end of the ingot.* It is of interest that the 
oriented with their cl 


were cleavage 
of the long axis of the ingot, 


crystals usually 
planes within 5° or 10 
which was the direction of maximum heat flow 

Zone melting was first carried out using quartz or 
graphite boats contained in a stationary quartz tube 
under a flow of purified argon. In this open system 


decomposition and loss of the volatile constituent was 


* Another piece of evidence for segregation was in 
the appearance, at the last-to-freeze end, of striations 
which were continuous with a lamellar structure across 
the terminal end of the ingot. It has been suggested 
that impurities beyond a critical amount are the cause 
of such structure. See, for example, Goss A. J. Trans 


Amer. Inst. Min. (Metall.) Engrs. 194, 1187 (1952) 
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Table 2. Sources and Purity of Components by 25 cm consisting in most cases of single crystals or a 
a few large grains. 


Nominal 


Purity 


Impurities 3. MEASUREMENTS 


Specimens for electrical measurements were cut 


1 Source 


10N from the middle of the ingots with a fine jeweler’s saw 
harles Hardy Inc 99-998 °~ | No analysis and cleaved to the desired thickness. They were 3 cm 
Bradley Mining Co. 99-99 °% No analysis in length with cross-sections varying from 0:5 x 0-1 cm 
\. D. Mackay Inc 99-91% Ag, As, Cu, Fe, Mg, to 10-2 cm. 
Na, Pb, Si 0-0001 Hall and resistivity measurements were carried out 
0-001 % over a range of temperatures for most of the com- 
pounds. For measurements above room temperature, a 
flow of purified nitrogen was maintained in the furnace 
Si, Sb 0-1-1%, Al, to prevent oxidation of the specimen and_ probes. 
Ca, Cu, Te, Mg, Contacts were of the pressure type and were machined 
Mn, Ma, Pb, Sn from non-magnetic stainless steel. For measurements 
0-0001-0-001 % on low resistivity compounds, a Leeds and Northrup 
K—2 potentiometer was used. A high-input impedance 
null-type d.c. voltmeter was used for the higher resisti- 
99-99% Ag, Ca, Cu, Fe, vity compounds. Hall voltages were measured at a 
Mg, Pb, Si magnetic field strength of 3500 oersteds. Hall specimens 
0-0001-0-01 % were oriented so that current flow was parallel to, and 
99-99 No analysis magnetic flux perpendicular to, the cleavage planes.+ 
Thermopower measurements were made on cleaved 
surfaces. * 

Infra-red transmission measurements were made at 
99-99 a, Cu, Fe, Mg, room temperature, and in some cases at liquid nitrogen 
Na, Ni, Si 0-0001 temperature, with a Perkin-Elmer spectrometer, Model 
0-01 % 12—C (single beam). Specimen surfaces for this pur- 
pose were either cleavage planes or surfaces given an 

optical finish 

Mg, 
Si 0-0001 4. EXPERIMENTAL RESULTS 


A. As,Ses and As,Te, 


Tellurium Electrical measurements were not made for 


Imont Smelting 99-9° ¢ ; y 
Belmont Smelting , Cu, Fe, Mg, these two compounds because attempts to grow 
and Refining i, Pb, Si 0-0001 
0-01 ‘ 


single crystals were not successful. In the case 
of As,Se;, stoichiometric proportions of As and 





considerable for all compounds. Subsequent 
zone melting was carried in a closed system, the 


boat containing the ingot > zoned being sealed in 


Rh 


an evacuated quartz tube. Two different heating coils 


were used, one to produce a molten zone about one- 


tenth the ingot length, the other to maintain an approxi- 


Mm On 


mately constant temperature over the remainder of the 


Transmiss 
O) 


ingot. This temperature was kept high enough to 


bh 


prevent condensation of the more volatile component 


N 


on the quartz walls.* The rate of travel of the molten 





zone was 2 to 5 cm per hour. The final pass of a series 


Oo 


was made at 2 to 5 mm per hour to promote single 


crystal growth. The resulting ingots were about 0:5 cm 


Fic. 1. Infra-red transmission as a function of wave- 


: . ma i . sSee SE » 1-16 Bad 
* Such a system was developed independently by length for an amorphous As,Se,; sample 1:16 mm thick. 


J. VAN DEN BooMGaarD, F. A. Krocer, and H. J. VINK 
and is shown in Fig. 1 of their paper in 7. Elec. 1, 212 + This was, of course, not true for Bi,S; where single 
(1955). crystals were not available. 
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Se were held for 72 hours at 380°C. At this tem- 
perature the melt was quite viscous and required 
a long homogenization treatment with repeated 
shaking to get all of the selenium into solution. 
The resulting material, after furnace cooling, was 
shown by X-rays to be completely amorphous. 
Annealing for 72 hr at 260°C was required before 
an appreciable amount of the material crystallized. 
The crystal structure was not determined. Fig. 1 
shows the infra-red transmission of the amorphous 
material. The short wavelength transmission edge 
lies at 0:77 microns, or 1:6 eV. 

In the case of As, Te, an ingot which had under- 
gone 30 zone passes was found to consist of many 
fine needle-like crystals, possibly the result of 
supercooling. An attempt to seed the melt did not 
produce satisfactory results. Infra-red transmis- 
sion measurements on a polycrystalline slice cut 
from the ingot showed a transmission edge at about 
1-1 microns, which would correspond to an energy 
gap of one eV. Thermoelectric force measurements 
showed both p- and n-areas in the ingot. 


B. Sb,S., 
Ingots of Sb.S. with large single crystal grains 
g 293 g g : 
(0-5 «0-2 x3 cm) were produced in the zoning 
apparatus by placing a seed crystal at the end 


and making a slow pass. Single crystal specimens 
were cut from these. Infra-red transmission for a 
specimen 0-1 mm thick had an approximately 
constant value of 30 per cent from 2 to 15 microns, 
the limit of measurement. Below 2 transmission 
fell off very steeply, the position of the edge 
corresponding to an energy gap of 1-7 eV. The 
relatively high transmission at wavelengths 
beyond the edge is indicative of a low concen- 
tration of free carriers which is also evident in the 
very high resistivity of this compound. (See 
Table 3). The combination of high resistivity, 
non-ohmic behavior, and a tendency to decompose 
(evaporation of sulfur was observed at tempera- 
tures as low as 150°C) made it quite difficult to 
obtain meaningful resistivity or Hall data on this 


compound. 


C. Sb,Se, 

Single crystals of Sb,Se, were produced very 
much as described for Sb,S,. Infra-red transmis- 
sion of these crystals at 300°K for illumination 
parallel and perpendicular to the cleavage plane 
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is shown in Fig. 2. From the position of the 
absorption edge the optical gap at this tempera- 
ture is 1:2 eV*. At 78°K the absorption edge 
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Infra-red transmission as a function of wav 


Fic. 2. 
length for asample of Sb,Se, for illumination parallel 
and perpendicular to the cleavage plane. 
has shifted to 0-93 microns, or 1°3 eV. If we 
assume that the energy gap changes linearly with 
temperature, these values lead to a temperature 

coefficient, 8, of —7x10-4 eV/degree. 
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Fic. 3. Resistivity vs. reciprocal of absolute temperature 

for a spectroscopically pure single crystal specimen of 

Sb,Ses. 


* A value of 1:35 eV was obtained for the long wave- 
length limit of photoconductivity in an evaporated film 
of Sb,Se,; by J. G. N. BRAITHWAITE Proc. Phys. Soc. 
B64, 274 (1951). 





J. BLACK, E. M. 


In Fig. 3 are shown resistivity vs. temperature 
data for a specimen of Sb,Se, from an ingot 
that had undergone 18 zone passes in the closed 


described in Section 2. This specimen 


system 
was spectroscopically pure, and metallographic 


amination indicated it to be single-phase. 


(Previous specimens, zoned in the open system, 


vere found to be two-phase when examined 


after heating.) 
Under the usual assumptions of the simple 


a semiconductor, the concentration of 


Carriers, 7,, 


19 
(12) 


is given by: 
2(2a7m,kT h?)?/?(m,,m,,/m,")° 


exp[—{E¢(0)+8T} 2kT] (1) 


free electron mass, 


the 


hole effective masses respectively, 


m are 


is the thermal energy gap at 0°K, and the 


nbols have the usual meanings. If we 


that electron and hole mobilities 

and concentration range of 
re are determined by lattice scattering 
had the 


proportional to intrinsic 


TN 
I 
be written in the f Po exp 


. 3 this leads to 
The ot the 
calculated the 


also 


value 
with 
given previously is 
eement indicates that the assump- 
is intrinsic in this tempera- 

ywwer data for the same sample 
intrinsic range, under 


j 
miconauctor 


hole mobility, 
calculate in 
values of O 
of 1/3 being 
orted by 
Inst. Min 


illine Sb, Se. 


‘ rey 
]mer 


Tran 


1950) for polycryst 


ORT 


rs. 188, 47 


We € 
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obtained. Actually, y,/, calculated in this way 
about 35 per cent within the range, 
indicating that (2), or more specifically the set 
of assumptions leading to (2) is not entirely valid 


decreased 


for this case. 





pv/? 


power 





Thermoelectric 


temperature for the 


Fic. 4 


Sb.Se, sample of Fig 


Thermoelectric power vs. 
3. The different types of points 


indicate different heating cycles. 


Attempts to measure a Hall voltage for this 
compound the Hall 
voltage for intrinsic material is proportional to 
the p(b 1), this 
are small, which was 


were unsuccessful. Since 


difference of mobilities, or 
that pw, and yp, 


confirmed by the absence of measurable magneto- 


suggests 


resistance, even at fields of 15,000 oersteds. 


Approximate values of », and p, can be 
obtained by calculating the number of carriers 
from (1), using this with the experimental resisti- 
vity to get a value for the sum of y,, and p,, and 
separating these with the 4 value obtained from Q. 
This procedure leads to 10(m,?/m,,m.,,)** and 
iv 31(m,?/m,m.,,)?/* cm?/volt-sec at 385°K. Ex- 
trapolation back to 300°K under the assumption 
that 1~*'* gives w, 15(m," 
m,m.,,)4, 45(m,?/m,m.,)*4. In Table 3 


have listed the mobility values obtained by setting 


the p’s vary as 


we 


the factor involving the masses equal to 1, which 
should be quite reasonable as to order of mag- 


nitude. 


D. Sb,Tes 

In the preparation of this material, an ingot of 
the compound underwent three zone passes in an 
argon atmosphere. A section from the center of 


the zoned ingot was then passed through the 
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Bridgman furnace several times, the top and 
bottom being cropped after each pass for addi- 
tional purification. Single crystal growth was 
accomplished on the last pass. 

Infra-red transmission was poor presumably 
because of high carrier concentration. A specimen 
0-04 mm thick showed only a very small amount 
of transmission, from 3:63 to about 5 microns. 
The edge corresponds to an energy gap of 0-3 eV. 


Hall and resistivity data taken in a range of 


temperatures around 300°K indicate that the 
sample is extrinsic there. From the Hall coeffi- 
cient at room temperature a value of 10?°/cm? is 
obtained for the carrier concentration. These 
carriers may arise from excess antimony, tellurium 
probably having been lost in the zoning. A solid 
solubility of 1 to 2 per cent of both antimony and 
tellurium in the compound has been reported.“ 
From the resistivity and carrier concentration a 


value of 270 is obtained for pz, at 300°K. 


E. Bi,S; 

Details of preparation of this compound were 
similar to those for Sb,S, and Sb,Se;. All the 
resulting specimens, however, were polycrystal- 
line, with small grains, and inhomogeneous. 
Metallographic examination after the samples had 
been heated in the course of Hall and resistivity 
measurements showed a second phase. ‘This was 
probably a bismuth-rich phase since sulfur had 
been lost in the zoning. 

Infra-red transmission vs. wavelength is shown 
in Fig. 5 and gives an optical energy gap of 1-3 
eV.* 


taken in the range 200 to 550°K. Above 525°K, 


Hall and resistivity measurements were 


p, which had been increasing with temperature, 
drops rapidly, suggesting the onset of intrinsic 
conduction. The slope in this range corresponds 
to an E,(0) value of about 1 eV. The Hall con- 
stant decreases throughout the temperature range, 
carrier concentration apparently going from 1 x 
10'8/cm? to 3 x10!%/cm*. Unfortunately, these 
data do not appear consistent. For reasonable 
values of m,, m,, and f, a sample with such high 
carrier concentration should not become intrinsic 
until a considerably higher temperature than 


525°K is reached. It seems likely that some or 


* Kotomiets B. T., Zh. Tekh. Fiz. 19, 126 (1949) 
reports a value of 1-1 eV for a thin film of Bi,S, 


Q 


all of the features mentioned are attributable to 
changes in the nature of the sample with heating, 
for which there was some evidence. It is concluded 
that better samples of Bi,S, are needed to obtain 
meaningful results. 
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Fic. 5. Infra-red transmission as a function of wave- 
length for a polycrystalline sample of Bi,S,; 0-60 mm 


thick. 


F. Bi,Se, 

This compound was prepared in similar fashion 
to Sb,Te,. The repeated passes through the 
Bridgman furnace plus cropping resulted in an 
increase of resistivity by a factor 5, which is 
evidence of purification. 

Infra-red transmission data at room temperature 
are shown in Fig. 6. Transmission was higher at 
liquid nitrogen temperature. Absorption edges at 
these two temperatures were at 0-35 eV and 0-40 
eV, respectively, giving a f-value of —2x10-* 
eV per degree. 

Room temperature values of p, and p, are 
listed in Table 3. Over the temperature range 
200 to 500°K resistivity of this compound was 


found to increase linearly with temperature. 


Since the Hall coefficient is essentially constant 
over this range, this must represent the tem- 
perature dependence of the mobility. 

It is noteworthy also that the carrier concentra- 
tion is so high that the sample is likely to be 
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fra-red transmission as a function of wave- 


ample of Bi,Se, 0-03 mm thick, illuminated 


perpendicular to the cleavage plane. 


degenerate, i.e. obey Fermi-Dirac rather than 


Maxwell-Boltzmann statistics, over at least part 
of the temperature range cited. The degeneracy 
temperature 7,,,, is given by: 


Taeg = (h?/8km,,)(3 |)? /2n? 8 


4-2 x 10-1(m,/m,,) 


leads to a degeneracy 


310°K. 


For this 
temperature for this sample 


(m,/m,)> 1 


G. Bi,T¢ 

For this compound two types of samples were 
prepared: one which after synthesis underwent 
only one pass in the Bridgman furnace, and a 
second which was subjected to extensive zone 
refining, the tellurium 
before synthesis of the compound. The resulting 


including refining of 
samples used for measurement were all p-type. 
N-type material was produced after many zone 
passes on material originally p-type but unfor- 
tunately the n-type regions of the ingots were all 
polycrystalline. Spectroscopic analysis indicated 
traces of metallic impurities in all the samples, 
although the centers of zoned ingots had less 
than the ends, and less than the unzoned samples. 
The indicated impurity content was in all cases 
than the carrier concentration, 
suggesting that excess bismuth may have been 
responsible for the p-type nature of the samples. 
There is a solid solubility of 4 to 5 per cent of 
both bismuth and tellurium in the compound.(@ 

Infra-red transmission normal to the cleavage 


less observed 
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plane is shown as a function of wavelength in 
Fig. 7. The sample was taken from the center of 
an ingot which had undergone 35 zone passes in 
the closed system From the short 
wavelength transmission edge the optical energy 


described. 
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Fic. 7. Infra-red transmission as a function of wave- 


length for a sample of Bi,Te,; which had undergone 


35 zone passes. The thickness was 0:06 mm and illu- 


mination was perpendicular to the cleavage plane 


gap at 300°K is 0-15 eV. At 77°K these data give 
a gap value of about 0-16 eV. Data on a thinner 
sample which had generally smaller transmission 
and was thus presumably less pure gave a 77°K 
value of 0-18 eV. This may indicate the sort of 
impurity effect on the energy gap which is found 
in InSb.@?) However, the larger transmission at 
the low wavelength end may simply have been due 
to the smaller thickness of the second sample. 
The structure which is observed beyond 9 microns 


may be spurious, since the small transmitted 


intensity made precision poor. 

The small per cent transmission, the decrease 
in transmission with wavelength after the initial 
rise, and the decrease with increasing temperature 
are all reasonably attributed to free carrier absorp- 
tion. According to theory, the absorption coefh- 
cient from this source should be directly propor- 
tional to the concentration of free carriers and to 
the square of the wavelength, and inversely 
proportional to the mobility. The decreased 
transmission at the higher temperature is in 
principle attributable to either higher carrier 
concentration or smaller mobility. The latter 
appears to be the more likely explanation in this 


case. 
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In Fig. 8 there are plotted Hall coefficient and 
resistivity for two samples of Bi,T'e,, one grown 
in the Bridgman furnace, the other taken from an 
ingot which had undergone eight zone passes. 
At temperatures below about 300°K the Hall 
coefficient is approximately constant, indicating 


333 
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Fic. 8. Hall coefficient and resistivity vs. reciprocal 
temperature for two samples of Bi,Te;, one made by 
the Bridgman process, the other from eight zone- 


pass material, @ @. 


extrinsic material in the exhaustion range. As the 
temperature beyond this, the samples 
become intrinsic. The reversal in the sign of 
R indicates that p,, is greater than p,. A value 
of u,/~, can be obtained from the temperature 
at which R goes through zero;) this value is 2. 
From the slope of p vs. 1/T in the intrinsic range, 
under the usual assumptions, an average value for 
the two samples of 0-16 eV is obtained for ¢(0). 
The optical energy gap at 0°K, calculated with 
the B-value listed in Table 3, is 0-18 eV. Plots 
of Ro vs. T for the same two samples are shown 
in Fig. 9. Below about 280°K, at which tempera- 
ture the drop-off due to intrinsic electrons begins, 
Ro represents the hole mobility in these samples. 
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Fic. 9. The product of Hall coefficient and conductivity 
vs. temperature for the samples of Fig. 8 -Bridgman 


processed sample, zoned sample. 


It is notable that the less pure, Bridgman-processed 
sample, has lower mobility than the zoned sample. 
Also, for the former jp decreases with the tempera- 
ture as 7-!"4, for the latter as 7-?, although the 
exponent has considerably less meaning in the 
latter case. 

Because of the interest in this compound as a 
thermocouple material, thermoelectric power data 
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. 10. Thermoelectric power vs. temperature for the 
eight zone-pass sample of Fig. 8. 
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were obtained over a wide range of temperatures 
and are plotted in Fig. 10. The general shape of 
O vs. T is that for other 
semiconductors, germanium for example, and has 
essentially been accounted for in that material 
by JoHNson and Lark-Horovitz. Above 300°K, 
O decreases because of the increasing contribution 


similar to observed 


of the electrons. The change of sign, as in the case 
of the Hall coefficient, is due to the electron 
mobility being larger than the hole mobility, and 
occurs at approximately the same temperature in 
both cases. 

On more quantitative examination of the data, 
it is noted that in the extrinsic range the rate of 
rise of QO with temperature is steeper than that 
observed for germanium samples. It is of interest 
to see if this can be accounted for by the usual 
theory. In applying the theory here, however, it 

be remembered that Maxwell-Boltzmann 
statistics cannot be used since the sample is likely 
to be degenerate or partially degenerate below 
300°K. The degeneracy temperature calculated 
from (3) is 194(m,/m,)°K. The general expression 
for QO in the extrinsic range, valid for any degree 
of degeneracy but otherwise based on the usual 
assumptions of the simple theory is: 


k 2F,(n) 
= —7 
F 1) ) 


n =(Ey—Er)/kT 


(4) 


J 1+e% 


The value of 7 for a sample of known carrier 
concentration can be obtained from: 4) 


(6) 


/ 


4ar ie 
p = —(2m,kT)* *F; (7) 


he 


Since m, is not known for this compound, the 
calculation of 7 and O was carried out for different 
values of m,/my.* It was found that the correct 

* Tables of F,/.(7) vs. 7 have been published by J. 
McDouca.Lt and E. C. Stoner Phil. Trans. Roy. Soc. 
A237, 350 (1938) and BEER, CHASE, and CHOQUARD 
Helv. Phys. Acta 28, 529 (1955). 
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value of Q around 200°K was obtained for 
m,,/m, = 0-25. However, this value of m,/my 
gave a value of QO too low by almost 40 per cent 
at 300°K. For all the other m, values chosen it 
was also the case that the rate of rise of Q was less 
steep than the experimentally observed one. 

Although the source of the discrepancy between 
experiment and the usual theory is not known, 
there appear to be two reasons why such theory 
might not be valid for these samples. First, 
underlying (6) in particular is the assumption 
that the density of states at a given energy in the 
valence band is proportional to the square root 
of the energy, or stated alternatively, that the 
effective mass which enters into (6) is a constant 
and not a function of energy. This is quite likely 
to be a poor assumption for samples of such 
high extrinsic carrier concentration where the 
bound-carrier levels may have spread into bands. * 
Such banding might also be the reason for the 
bumps in R vs. 7 observed in the extrinsic 
range. ~ 

Second, one of the assumptions involved in 
(4) is that of a mean free path for current carriers 
independent of their energy. Theoretically, under 
the simple model of a semiconductor, this would 
lead to a temperature dependence of » between 
T-%/? and T-! depending on the degree of degene- 
racy of the sample. The evidence cited before 
points to a steeper temperature dependence. 
Thus it is quite likely that this second assump- 
tion is also not valid for these samples. 


5. DISCUSSION OF RESULTS 
It is significant that this series of compounds, 
with its relatively complicated crystal structures, 
shows many of the and characteristics 
observed for other homologous series of semi- 


trends 


conducting compounds with simpler structure. 
One of the characteristics which has been ob- 
served for almost all such series is the decrease 
of energy gap in going from one member to 
another obtained by replacing either of the con- 
stituents by one of higher atomic number.“ This 
is to be more or less expected from the fact that 
the valence electrons 
atomic number. °) 


energy of 
increasing 


binding 
with 


the 
decreases 
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For discussion of this see E. 


Rev. 103, 51 (1956). 
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Table 3. 


Thermal 
energy 
gap 
(O°K) 


Optical 
energy 
gap 
(300°K) 


Temperature 
coefficient 


of gap 


Com- | Melting 
pound point 


eV 


C eV C 


As,Test | 362(1) 1 


5460) | 1: 


6120) 


Sb, Se, 1: —7x 10-4 


62001) 0+; 


Sb,Te, 


Bi,S,t 850 1-3 


Bi,Se; 35 


Bi,Te; 


7060) 0 


0-15 0-16 


585(11) 


PROPERTIES OF SOME 


Properties of M,Y °N,Y! 


Resistivity 
300°K 


ohm cm 


108 


10° 


2 x 


io 


5 


1-€ 


»x10-° 
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B Compounds 


Thermo- 
electric 
Power 


300°K 


Carrier 

Concentra- 
tion* 

300°K 


Hole 
mobility 
300°K 


Electron 
mobility 
300°K 


cm2/volt | cm?/volt | microvolts 


1-Ox 16 


10 1 x 10*° 


—0-75 x 10° 


—0-1 x 10° 


3x 10'® 200 


2x 10"" 600 


K 10" 


LxXI0"" 800 400 0-18 x 108 


* Carrier concentration has been taken as the reciprocal of the product of Hall coefficient and electronic charge. 
This omits a proportionality factor whose value depends on the details of the scattering processes and band structure. 
In the present state of our knowledge about these compounds, this is not worth trying to include. By similar reasoning 


the mobility has been taken as the ratio of Hall coefficient to resistivity. 


4 


These were not single crystal material. 


From Table 3 above it is clear that the energy 
gap shows the same behavior in this series. The 
relatively large variation between members of 
the series—as compared with PbS, PbSe, PbTe, 
for example—is, as pointed out by BursTEIN and 
EGLI, characteristic of covalent binding. 

It is of interest that the variation in gap value 
within this VB-VIB series is apparently not 
much influenced by the changes in crystal struc- 
ture. Comparable variations occur in series where 
there is no change in structure. For the series 
InP, InAs, InSb, all with the zincblende structure, 
the gap values at 300°K are 1-25, 0-35 and 0-18 
respectively. These are almost identical with the 
gaps in the three bismuth compounds in this 
series, where a change in structure does occur 
in going from Bi,S, to Bi,Se;. 

Several of the features of these compounds 
which have been found in most other homologous 
series are the close agreement between optical 
and thermal energy gaps, and the fact that f is 
negative and has a magnitude of about 10-4 eV/deg. 


So far as mobility is concerned, it seems a good 
guess that impurity scattering is not important 
in these samples, although it certainly may have 
some effect. For Sb,S, and Sb,Se, impurity 
scattering should be insignificant because carrier 
concentration is so small. For the materials with 
higher carrier concentration, specifically Bi,Se, 
and Bi,Te,, the best evidence for this guess lies 
in the observed temperature dependence of the 
mobility. For non-degenerate samples of covalent, 
or essentially covalent, semiconductors the tem- 
perature dependence of the lattice mobility, yz, 
has been found to be in the range T-!*° to T-?°°. 
N-type materials are generally at the less steep 
side of this range, and p-type materials at the 
steeper side. The temperature dependence ex- 
pected theoretically for the impurity mobility py 
is essentially 71*°, and there is evidence that it 
is somewhat less steep than that.“® For completely 
degenerate samples «4; would be independent of 
temperature because its 7J-dependence arises 
solely from that of the electron speed. In wz there 
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is additional 7-dependence arising from the 
amplitude of, or the number of quanta in, the 
lattice oscillations. For a degenerate sample in 
which current carriers interact with relatively 
long wavelength acoustical modes only, 1», would 
be expected to go as T-!. However, the relative 
proportion of the scattering by shorter wave- 
length acoustical modes or optical lattice modes 
is not in general known (and indeed may be a 
function of the detailed band structure of the 
particular material), and this could make the 
T-dependence in degenerate samples steeper than 
T-'. For partially degenerate samples the 7-depen- 
dence would be expected to lie in between the 
extremes indicated for the completely degenerate 
and non-degenerate cases. 

the fact 
that the exponents of J are —1 1-4 or 
greater for Bi,Se, and Bi,Te, respectively, it is 
judged that impurity scattering is not important 


From the foregoing discussion and 


and 


here, and the observed mobilities represent, to a 
reasonable approximation, the lattice mobility in 
these compounds. It is of interest that the material 
with the less steep slope, Bi,Se3, is n-type and 
the one with the steeper slope is p-type while 
carrier concentration is closely the same in the 
two. 

To highlight the significance of the foregoing 
discussion let us compare these materials with 
silicon. In silicon samples at 300°K with such 
carrier concentrations, impurity scattering would 
completely dominate the situation. With purifi- 
cation the mobility would increase by a factor 
of the order of 10, This is apparently not the case 
for these compounds. Further, and this is inde- 
pendent of the decision as to whether p of these 
compounds represents yy, or not, it is clear that 
#4y in these compounds is larger than it would 
be for the same impurity concentration in silicon. 
One may speculate on reasons for this. Obvious 
possibilities are smaller effective mass and larger 
dielectric constant. In the case of PbS, impurity 
scattering is apparently unimportant up to con- 
centrations of 10!%/cm* at least, and this seems 
reasonably attributed to a static dielectric constant 
of the order of 70.°) However, it may be that the 
largely polar nature of PbS is responsible for such 
a high dielectric constant. Another possibility is 
that the nature of the scattering ions is different 
in these materials from what it is in the usual 
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doped silicon sample. For example, it might be the 
case that the p-type nature of Bi,Te, is due to 
tellurium vacancies accepting an electron. The 
scattering effect of one of these acceptors would 
certainly be less than that of the usual massive 
negative ion. In a crude approximation for this 
case one would replace the factor m,'/? in the 
denominator of the theoretical ~; formula?) by 
the reduced this which would 
make ,; larger by a factor of 2. 

Such mobility data as there are show a trend 
to increasing , with increasing atomic number. 
This trend has been observed also in the III-V 
compounds, and attributed there to decrease in 
effective mass with increasing atomic number.) 
Whether or not this is the explanation here could 
not be decided without much more information 
about the compounds than is available at present. 
It is certainly not an unlikely explanation, in 
that simple theories for the effective mass? pre- 
dict it will be smaller for a smaller energy gap, 
other things being equal. 

With the lattice types that these compounds 
have, it is expected that conductivity, dielectric 
constant, etc. will be anisotropic. The anisotropy 
was not investigated, however, with the excep- 
tion of the infra-red transmission, shown in Fig. 
2. It is clear from this that in Sb,Se, the absorp- 
tion coefficient is larger for propagation per- 
pendicular to the cleavage plane than parallel to it. 
In the former both components of the 
electric vector lie in the cleavage plane, while in 
and one 


mass for case, 


case 


the latter case one component is in 
perpendicular to the cleavage plane. Thus the 
experimental results point to the absorption 
constant being larger when the electric vector is 
parallel to the cleavage plane than when it is 
perpendicular. This has also been found to be 
the case in tellurium.@”) Since the wavelengths 
concerned are larger than those required for a 
transition across the energy gap, the observed 
anisotropy in transmission must result from aniso- 
tropy of the free carrier absorption. In the case 
of tellurium it has been suggested that this is 
ascribable to the anisotropy of m*, because m* is 


presumably smaller for motion along the Te 
chains, which lie in the cleavage planes, than 


+ See for example, F. Serrz Modern Theory of Solids 
pp. 352. McGraw-Hill, New York (1940). 
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perpendicular to them. The same explanation 
might reasonably be invoked for the present case 
because of the layer nature of the Sb,Se, lattice. 
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BOOK REVIEW 


Handbook of Semiconductor Electronics. Edited 
by Litoyp P. Hunter, McGraw-Hill, New York, 1956 
591 pp., $12.00. 90s. 


THIRTEEN different authors have contributed 
sections to this book which is a survey of pertinent 
information available up to 1955-6 regarding the 
fabrication and circuit applications of transistors 
and diodes. The book is divided into four parts. 
In Part I after a brief description of transistor 
action, some basic physics of electrical conduction 
in solids is presented but only as the editor states 
in the preface “with the one purpose of supplying 
only those principles needed to understand the 


mechanisms of transistor and diode action’’. 
Part II is a survey of the technology of transistor 
and diode fabrication. In Part III the principles 
of transistor circuit design are given. This part 
takes 245 of the 523 pages of the text and is in the 
editor’s words “the real meat of the book’’. Part 
IV contains background material: two sections on 
general circuit theory, one section on the measure- 


ment of diode and transistor parameters, and a 


15-page section on the measurement of semi- 
conductor parameters. A 68-page bibliography on 


transistors, semiconductors, and rectifiers com- 
pletes the book. The bibliography is arranged 
alphabetically for each year; its usefulness would 


have been further increased if it had also been 
arranged by subject. 

This book is one of the best surveys to date of 
the fabrication techniques and circuit applications 
of transistors and diodes. Many of the contribu- 
tors, however, have tended to overemphasize their 
own work, something which is difficult to avoid 
in the fast-moving fields they describe; and there 
are several errors both of commission and omis- 
sion. The book is not a handbook in the sense that 
it is not a compilation of reference material; most 
of the sections are generalized surveys. 

The book should be a worthwhile acquisition 
for solid state physicists who are interested in the 
status of transistor fabrication and _ transistor 
circuitry. 


R. H. REDIKER 





EDITORIAL NOTE 


In view of the large amount of space occupied by translations of ab- 


stracts it has been decided in future to publish translations of titles 


only. Accordingly future issues of the journal will contain the transla- 


tions of the list of contents in French, Russian, and German. 


Pergamon Institute, a non-profit-making foundation, will supply to 
subscribers on request and at a nominal rate, translations from or into 


any language. 
Applications and inquiries should be addressed to: 


The Administrative Secretary, 
Pergamon Institute, 
4 & 5 Fitzroy Square, 


LONDON, W.1. 
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UBER DIE EXCITONENBANDEN DER 
ALKALIHALOGENIDKRISTALLE 


WERNER MARTIENSSEN 
Erstes Physikalisches Institut der Universitat Géttingen, G6ttingen, Deutschland 


(Received 6 February 1957) 


Zusammenfassung—Die aus alteren Messungen von HILScH und Pout bekannten Absorptions- 
banden der Alkalihalogenidkristalle zeigen bei tiefen Temperaturen eine erheblich vergrésserte 
Schiarfe und spalten teilweise in Doppelbanden auf. Die Absorptionsmaxima werden im wesentlichen 
durch die Eigenschaften der Molekiile bestimmt und kehren in den Spektren der freien Molekiile 
wieder. Eine Ausnahme bildet eine Doppelbande von CsJ-—Kristallen, die mit der CsCl—Gitter- 
struktur dieses Salzes verkniipft ist. Wird CsJ durch Zusatz von KJ in die NaCl-Struktur ge- 
zwungen, so verschwindet diese Doppelbande. 

Bei Erhéhung der Temperatur werden alle Banden breiter und verschieben sich 
nahme der erwahnten CsJ—Bande — zu langeren Wellen. In der gleichen Weise wird das Spektrum 
auch durch Gitterst6rungen im Kristall beeinflusst. Die langwelligste Bande bestimmt die Absorp- 
tionskante der Alkalisalze. Ihr Verlauf lasst sich tiber viele Zehnerpotenzen der Absorptions- 
konstante K und iiber einen Temperaturbereich von 1000°K mit dem Exponentialgesetz K 
Ky exp—(o° A(vmax—v)/RT) beschreiben (Ky 2,4:10° mm und o = 0,79 fiir KBr). Fiir 
verschwindende Temperatur liefert dieses Gesetz die Entartung der Bande zu einer Absorptions- 


mit Aus- 


linie. 


Abstract—The absorption bands of the alkali-halide crystals known from earlier measurements by 
HILScH and POLH, at low temperatures show a considerably greater sharpness and a partial split into 
double bands. The absorption maxima are in principle determined by the properties of the molecules 
and correspond to the spectra of the free molecules. One exception is a double band of CsJ-crystals, 
which is connected with the CsCl-structure of this salt. If CsJ is forced into the NaCl-structure by 
admixture of KJ, this double band disappears. 

With rising temperatures all bands are broadened and are shifted to longer wavelengths 
exception of the CsJ-band mentioned above. The spectrum is influenced in the same way by lattice 
defects in the crystal. The first peak in the absorption spectrum determines the absorption-edge of the 
alkali-halides. Its behaviour can be described for many decades of the absorption constant K and for 
a temperature-range of 1000°K by the exponential law K = Kyexp —(ch(Vmax —v)/RT). For zero 
temperature this law leads to the degeneration of the band towards an absorption line. 


with the 


1, EINLEITUNG schen Auswahlregeln verlangen, dass _ dieses 
Exciton im Idealkristall nur in einem einzigen 
Zustand entstehen kann, nimlich dem Zustand 
mit dem Wellenzahlvektor k = 0. Dann hat man 
im Absorptionsspektrum scharfe Linien zu er- 


Die ultraviolette Eigenabsorption der Alkali- 
halogenidkristalle ist zuerst von HiLscH und 
PouL® im Jahre 1929 ausgemessen worden. Die 
Spektren zeigen eine Reihe schmaler Absorptions- 
banden, die lokalisierten Elektronen-Ubergingen  warten. 
innerhalb einzelner Alkalihalogenidmolekiile zuge- Die wirklich gemessene Bandbreite entsteht 
durch Abweichungen des Realkristalls von der 
streng periodischen und starren Anordnung der 
Gitterbausteine im Idealkristall. Zu dieser Frage 
nach dem Einfluss des umgebenden Kristallgitters 
und der thermischen Gitterschwingungen auf 
Lage, Breite und Struktur der Excitonenbanden 


ordnet werden kénnen. 

Die unerwartet geringe Breite der Banden ist 
mit Hilfe eines von FRENKEL, WANNIER®) und 
anderen entwickelten Modells erklirt worden : 
Lichtabsorption in den Banden der Alkalisalze 
fihrt zur Erzeugung eines Excitons. Die opti- 
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Arbeit einen experimentellen mung der reflektierten Lichtintensitat nicht ohne 
weiteres mOdglich. In den Figuren wird daher anstelle 
. 3 der Absorptionskonstante die Lichtschwiachung selbst 

BS l aie Spektren : ’ : ] 
i . is aufgetragen. Durch einen Vergleich der  Licht- 
kalisalzen bei tiefen l'empe- schwachung an verschieden dicken Schichten lasst sich 
miteinander verglichen. zeigen, dass der qualitative Verlauf der Spektren durch 


lie \bsorptionsspektren der Misch- die Reflexionsverluste nicht beeinflusst wird. 


ind zeigt die Wirkung einer 


bs oe 3. MESSERGEBNISSE 

3-4 behandeln den 3-1 Das Spektrum der Alkalijodide bei 20°K 

Banden der FESEFELDT®) hat als erster das Spektrum von 

nd vergleichen diesen mit der Alkalisalzschichten bei tiefen Temperaturen unter- 
sucht, und zwar fiir KJ und RbBr. Er hat fest- 

gestellt, dass die Absorptionsbanden beim Ab- 
kithlen der Schichten auf 20°K erheblich héher 

und scharfer werden. Die jetzt gemessenen Spek- 


rittersto Zum Schluss folet 


Diskussion 


2. EXPERIMENTELLES 
tren zeigen eine noch gréssere Auflésung der 


werden mil 
istrierenden Spektral Banden ; wahrscheinlich sind die neuen Mes- 


sungen weniger durch Gitterst6rungen beeinflusst. 

| zeigt in einem Ubersichtsbild die Ab- 
sorptionsspektren der vier Alkalijodide NaJ, KJ, 
RbJ und CsJ. Alle Spektren sind bei 20°K auf- 
genommen. Die Schichten werden bei Zimmer- 


temperatur aufgedampft, bei ‘Temperaturen 











hwachung ie : 230 
werden P —— ia al 
Fic. 1. Das Absorptionsspektrum von vier Alkalijodiden 


bei 20°K. Die Dicke der aufgedampften Schichten liegt 


in der Gréssenordnung 20muh. 


konstante 
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zwischen 120°C und 200°C und 
schliesslich auf die Messtemperatur abgekiihlt. 
Gegeniiber den alteren Messungen von HILscu 
und PoHL”) bei Zimmertemperatur ist die Breite 
der Absorptionsbanden durch die Abkiihlung 
wesentlich verringert worden, die einzelnen Ban- 
den erscheinen jetzt weit voneinander getrennt. 
Allen Spektren gemeinsam ist eine langwellige 


getempert 


Bande im Wellenlangenbereich zwischen 210myu 
und 225m, (Bande I, in der von v. H1ppe. ® einge- 
fiihrten Bezeichnung) und eine zweite Dande auf 
der kurzwelligen Seite zwischen 180my und 195myz 
(Bande I,). Beim RbJ ist diese Bande in zwei 
Komponenten aufgespalten. Dazwischen ist auf 
den drei oberen Teilbildern deutlich eine weniger 
ausgeprigte Absorptionsstufe zu erkennen. Auf- 
fallend ist, dass die langwelligste Absorptionsbande 
ihre Lage unregelmissig wechselt, wenn man von 
den leichten zu den schweren Jodiden fort- 
schreitet. 

CsJ fallt gegeniiber den anderen Alkalijodiden 
aus der Reihe : Auf der kurzwelligen Seite der 
Bande I, 
Doppelbande (II,). 


nente hat eine Halbwertsbreite von nur etwa 0,03 eV 


zeigt sich eine zusiatzliche scharfe 


Die langwelligere Kompo- 


oder Imy ; esist die schirfste aller bisher in Alkali- 
salzen Der 
Abstand der beiden Komponenten der Doppel- 
bande betragt 0,065 eV. In den alteren Messungen 


beobachteten Absorptionsbanden. 


waren die beiden Komponenten nicht einzeln 
aufgelést worden. Ebenso wie bei der Doppel- 
bande I, in RbJ ist die Verbreiterung der beiden 
Komponenten bei zunehmender Temperatur so 
bei Zimmer- 
Eine 


stark, dass die Doppelbanden 
temperatur bereits einheitlich erscheinen. 
weitere sehr kleine Doppelbande deutet sich bei 
6,24 eV und 6,31 eV an.* 

Tabelle 1 gibt eine Ubersicht iiber die Lage der 
Bandenmaxima. Bei den Bromiden KBr und RbBr 
falltnur die langwelligste Bande in den Messbereich, 
die Spektren sind deshalb nicht abgebildet worden. 
Die spektrale Breite der langwelligsten Bande 


*H. R. Portree und E. A. Tarr (Photoelectric Emis- 
sion from the Valence Band of Cesium Iodide), 7. Phys. 
Chem. Solids 1, 159, 1956, setzen diese kleine Doppel- 
bande des CsJ in Parallele zu der Absorptionsstufe in 
den anderen Alkalijodiden. Auf Grund ihrer Unter- 
suchung des dusseren Photoeffektes am CsJ deuten die 
Autoren diese Absorption als die langwellige Kante 
einer kontinuierlichen Band-Band-Absorption. 


DER ALKALIHALOGENIDKRISTALLE 


liegt bei allen Salzen bei etwa 0,08 eV, die Bande 
I, ist dagegen erheblich breiter. 


Tabelle 1. Spektrale Lage der Absorptionsbanden 


bei 20°K 


Kristal] ee Ip Stufe 
NaJ Dye 6,72 eV 
KJ es ae 6,68 

6.49 ’ 
RbJ | 5 preg 


| 6,65 


5,80 e\ 
6,19 


6,13 
CsJ 


KBr 
RbBr 


6,80 


HILscu und Pout haben eine empirische Formel 
fiir die Lage der langwelligsten Absorptionsbande 
angegeben 


hvmax = & 


4iregr 


Darin bedeuten F die Elektronenaffinitat des 
Halogens, J die Jonisierungsarbeit des Alkali- 
atoms, « den Madelungfaktor und r den Jonen- 
abstand. Schon mit den bei Zimmertemperatur 
gemessenen Bandenlagen hatte sich eine sehr gute 
Ubereinstimmung ergeben. Leider ist die Elek- 
tronenaffinitat nicht so bekannt wie die 
iibrigen in (2) vorkommenden Gréssen. Benutzt 
man umgekehrt (2), um aus den experimentell 


die Elektronen- 


genau 


gemessenen Frequenzen 1,,,. 
affinitat E zu bestimmen, so gelangt man zu den 


Werten der Tabelle 2. 


Tabelle 2. Vergleich zwischen den gemessenen und den 
berechneten Bandenlagen 


hv, 


gem. 


Ah Vmax 


1X 


om 
o 


+014 
0,00 
0,00 
—0,28 
0,00 
0,00 
eV 


NaJ 
KJ 
RbJ 
CsJ 
KBr 
RbBr 


Uw ui | 
anon) | 
WN WwW WwW 
Um uuU 


~~ 
~] 
~] Cc 
~~ 
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3.2. Das Spektrum der Mischkristallrethe Cs] — KJ 

Nach Fig. 1 unterscheidet sich das Spektrum 
von CsJ—Kristallen von dem der iibrigen Alkali- 
jodide durch das Auftreten einer zusatzlichen 
Doppelbande. Diese Erscheinung ist schon aus den 
Messungen HILscH Pont bekannt, 


allerdings war die Doppelbande noch nicht in thre 


von und 


Komponenten aufgelést worden. In ihrem kristal- 


linen Aufbau unterscheiden sich die Cs-Salze von 
den iibrigen Alkalihalogeniden durch den CsCl 
Gittertyp wahrend die anderen Alkalihalogenide 

der NaCl-Struktur OVER- 
7) hat berechnet, dass die Excitonenbande 


kristallisieren. 
HAUSER 
in einem CsCl-Gitter in ein Multiplett von sechs 
Komponenten, im NaCl—Gitter aber nur in eines 
mit fiinf Komponenten aufspalten sollte. Er 
identifiziert die von HILscH und POHL gemessene 
zusatzliche Bande des Cs] mit dieser sechsten 
Multiplett- Komponente. 

Um den Zusammenhang der Doppelbande mit 
der Gitterstruktur experimentell zu priifen, haben 
wir versucht, CsJ—Kristalle in der NaCl—Gitter- 
struktur Scuutz®) hat mit Hilfe 
von Elektronenbeugungsaufnahmen nachgewiesen, 
dass diinne Schichten von CsJ in der NaCl—Struk- 
auf eine KBr—Platte 


aufgedampft werden. In dem vorliegenden Fall hat 


herzustellen. 


tur kristallisieren, wenn si¢ 


dieses Verfahren versagt, da fiir die Absorptions- 
messungen wesentlich dickere Schichten erforder- 
lich sind als fiir Elektronenbeugungsaufnahmen. 
Wir haben deshalb versucht, die Gitterum- 
wandlung durch erzwungene Mischkristallbildung 
mit einer in der NaCl—-Struktur kristallisierenden 
Komponente hervorzurufen. Als Ergebnis zeigt 
Fig. 2 die Spektren der Mischkristallreihe Cs] 
KJ. Die Schichten werden bei 20°C kondensiert, 
bei 70°C kurz getempert und dann auf die Mess- 
temperatur von 20°K abgekihlt. Die einheitliche 
Gestalt der ““Glockenkurven”’ und ihre monotone 
Verschiebung mit dem Konzentrationsverhiltnis 
der Komponenten lasst darauf schliessen, dass bei 
der gleichzeitigen Kondensation aus der Dampf- 
phase tatsachlich Mischkristalle entstanden sind. 
Die oberen drei Teilbilder der Fig. 2 | 
erkennen, dass ein Zusatz von bis zu 25 Mol 


assen 
, KJ 
zu CsJ keine wesentliche Veranderung des Spek- 
trums hervorruft. Die grosse Breite der Bande I, 
KJ—Zusatz lasst allerdings auf ein stark 
gestoértes Kristallgitter schliessen. Eine grundsatz- 
liche Veranderung des Spektrums erfolgt, wenn 


bei 25 


man zu 45°;, KJ—Gehalt iibergeht. Die Doppel- 
bande des CsJ ist bis auf eine ganz geringe 
Andeutung verschwunden, man hat ein Spektrum, 


2 65 60 55 eV 

> Mol °%o 
24 CsJ|KJ 
” 100] O 
























































Das Absorptionsspektrum der Mischkristallreihe 
CsJ KJ. Alle Messungen bei 20°K 


Fic. 2 


das in den wesentlichen Ziigen dem der Alkali- 
jodide mit NaCl-Struktur entspricht. Bei weiterer 
Steigerung des KJ—Gehaltes geht das Spektrum 
dann stetig in das des reinen KJ iiber. 

Da reines CsJ in der CsCl- und reines KJ in der 
NaCl-Struktur kristallisiert, muss an irgendeiner 
Stelle in der Bilderfolge der Fig. 2 die Gitterum- 
Die einzige Stelle einer 
Verianderung des Spektrums liegt 
KJ—Gehalt. Man muss 
daher annehmen, hier die Umwandlung 
stattgefunden hat und dass das CsJ bei 45% 
KJ-—Gehalt tatsachlich in der NaCl-Struktur 
vorliegt. Gleichzeitig ist die Doppelbande ver- 
schwunden. Die Doppelbande ist also eine spezi- 
kubisch-raumzentrierten 


wandlung erfolgt sein. 
unstetigen 
zwischen 25°, und 45' 


dass 


fische Ejigenschaft des 


Kristallgitters. 
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Queisser* hat mit Hilfe von Debye—Scherrer- 
Aufnahmen bestitigt, dass die CsJ—Schicht mit 
45°% KJ-—Gehalt aus Mischkristallen mit einheit- 
licher Gitterkonstante besteht. Lasst man die 
aufgedampfte Schicht anschliessend einige Stun- 
den an feuchter Luft stehen, eine 
Wiederholung der Aufnahme zwei Systeme von 
und 


so ergibt 


Beugungslinien, die ausgeschiedenen Cs] 
KJ-Kristallen zugeordnet werden kénnen. Unter 
dem Einfluss feuchter Luft findet also eine Ent- 
mischung der Schicht statt. 


3.3 Die Beeinflussung der Spektren durch Temperatur 
und Gitterstérungen 
Als typisches Beispiel fiir die ‘Temperatur- 
Abhiangigkeit der Absorptionsbanden von Alkali- 


halogeniden zeigt Fig. 3 das Spektrum einer 


65 6:0 
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3. Die 'Temperaturabhiangigkeit der Absorptions- 
banden von KJ. 
Kaliumjodidschicht bei vier ‘Tlemperaturen 
zwischen 20°K und 200°C.) Die Schicht wird 
wieder bei Zimmertemperatur aufgedampft, bei 
etwa 240°C getempert und dann auf die Mess- 
temperatur abgekiihlt. Ein Tempern auf noch 
héhere ‘Temperaturen erweist sich als unzweck- 
miassig, da die Schichten dann schon wieder 

abzudampfen beginnen. 
und I, 


ahnlicher 


Auf die beiden Absorptionsbanden | 
wirkt ‘Temperaturerhéhung in 
Weise : Man _ erhilt 
Maximums zu langeren Wellen und eine gleich- 
und 


die 


eine Verschiebung des 


zeitige Zunahme der Halbwertsbreite 


* HERRN H. J. Queisser sei auch an dieser Stelle fiir 


die Durchfiihrung der R6ntgenaufnahmen herzlich 


gedankt, 
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Abnahme der Hohe der Bande. Man hat ein 
ahnliches Bild, wie es MoLLwo®) fiir den Einfiuss 
der Temperatur auf die Farbzentrenbande gefun- 
den hat. Bei der langwelligsten Bande der Eigen- 
absorption ist allerdings die ‘Temperaturverschie- 
bung wesentlich starker als bei der F-Bande. 
Bei Temperaturen oberhalb 120°K findet man 
eine lineare Verschiebung des Bandenmaximums : 
hyvmax = hy,—B + T (3) 
In Tabelle 3 sind einige Zahlenwerte aufgefiihrt. 
Unterhalb 100°K wird die Verschiebung 
geringer. Fiir die Bande I, ist sowohl die Ver- 


etwa 


schiebung als auch die Breiten- und Héhen- 
anderung viel geringer als fiir die Bande I,. 


Tabelle 3. Temperaturverschiebung der Bande I, 


KBr 48 10-4 eV/°K 
RbBr 

KJ 

RbJ 


65 


Nach Temperung_ 
gemessen bei 20K 


6:0 
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no 
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Aufgedampft 
J", bei 9°K 


Lichtschwachung 











220 230 240 


me 


180 


Fic. 4. Das Spektrum einer bei 9°K aufgedampften 
Schicht aus KJ +10 
Entnommen aus F. FISCHER. 


KF vor und nach dem Tempern. 
1 


Fig. 4 ist einer Arbeit von FiscHer™) iiber die 
Absorption gestérter KJ—Schichten entnommen. 
Der Masstab der Ordinate und Abszisse ist dem 
in Fig. 3 angepasst. Die punktierte Kurve stellt 
das Spektrum einer KJ—Schicht dar, die bei 9°K 
kondensiert worden ist. Auf diese Weise wird eine 
Schicht mit sehr hohem Gehalt an Gitterstérungen 
erhalten. Der Zusatz von 10° KF, das sich selbst 
in diesem Teil des Spektrums nicht bemerkbar 
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t die Stérungen. Die 
> | 


' llig verandertes 
ca. 0,4 eV lang- 

lich verbreitert, auch 
1gwellig verschoben. 
so kénnen sich die 
orungen ausscheiden 
eutem Abkiihlen das 


<J (dick ausgezogene 


noch einmal 

ein interessanter 
flussung der Absorp- 
und durch Gitter- 
ktrum der gestérten 


u unterscheiden von 


r ungest6érten Schicht bei 480°K 


die Lage al 


( 


stin 


saa . 
Wirkung auf das 


Mil 


tieren 


oectort } ht hej 
estorten Scnic! DCI 


1 , 
ls auch die Breite der 


men in Fig. 3 und 4 


\bsorptionsspektrum 
' 

nguitig, ob ein 
eingetrorene 

| = T 
pel nohnen l’empe- 
Gitterschwingungen 
inem rohen Ver- 
Kr photographie der 


lemperaturen mit 


zeitigen Momentphotographie 


hohen ‘Temperaturen 


1 


instimmt. Dieser Vergleich ist aber irrefiih- 


r€ 


nvu 
ch in Abschnitt 


rdDausteine 


rung bei 480°] 


r Gitterbausteine aus 

ingetrorenen Gitter- 
Amplitude der 
| 


\. LIN DesSserer Ver- 


4.2,in dem nicht die 


. J Y - 11 
von der Normallage, 


he Energieinhalt des Kristalls 


h zwiscl 
Gitterstorul 
zweites Beis 


, 1 
yberen Teilb 


1 


395°K d 


1en dem Einfluss von 
gen auf die Absorp- 
piel gegeben werden. 
ild noch einmal das 

CsJ—-Schicht bei 
st das Spektrum der 


] 


argestellt. Auch hier 


1] ebenso 


bei hohen Tempe- 


zeigt sich fiir die Banden I, und I, die Verschie- 
bung und Verbreiterung mit zunehmender 'Tem- 
peratur. Auffallend ist das Verhalten der Doppel- 


bande. Die beiden Komponenten zeigen bet 








240 
mu 
Schichten. Oberes 
Mittleres Teilbild : 
Teilbild : Nach 


vorherige Temperung 


zunehmender Temperatur eine starke Verbreite- 
rung, sodass sie bereits bei 90° K nur noch schwach 
5 nicht dargestellt). 

weiterer Erhéhung der ‘Temperatur ver- 
schmelzen sie zu einer einheitlichen Bande. Diese 
verschiebt sich wider Erwarten nicht zu langen 
Wellen,+ sondern zeigt sogar eine geringe Ver- 


gesetzter Richtung. 


y 


r¢ eT 


+ 
LEC 


schiebung in en 


Im unteren Teilbild der Fig. 5 ist das Spektrum 
einer gleich dicken CsJ—Schicht dargestellt, die bei 
20°K auf einer KCl—Platte kondensiert und ohne 
vorherige Temperung gemessen worden ist. Das 
Ergebnis ist ahnlich wie in der von Fischer unter- 


suchten KJ-Schicht. Durch die Kondensation bet 
tiefer Temperatur ist die Kristallisation der 
Schicht derartig behindert, dass das Spektrum 
vollig verindert ist. Insbesondere ist die Bande Le 
sehr stark langwellig verschoben und verbreitert, 
Wie man es in einer ungestdrten Schicht bei hohen 
Temperaturen erwarten wiirde. Aber auch die 
Doppelbande verschiebt sich im Sinne erhdéhter 


Diese Tatsache ist bereits von H. R. PHILIPP und 
E. A. Tart (}. Phys. Chem. Solids 1, 159 1956) mitgeteilt 


worden 
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Temperatur, namlich jetzt zu kurzen Wellen. Der 
gleiche Einfluss von Temperatur und Gitter- 
storungen bleibt also auch bei dieser Bande mit 
inverser Temperaturverschiebung erhalten. 
Endlich sei noch auf die Verschiebung der 
CsJ-—Banden in der Mischkristallreihe CsJ—KJ 
hingewiesen (Fig. 2). Zusatz von KJ zu CsJ fiihrt 
zu einer langwelligen Verschiebung der Bande I,, 
obgleich reines KJ kurzwelliger absorbiert als reines 
CsJ. Die Doppelbande dagegen zeigt mit steigen- 
dem KJ-—Gehalt eine kurzwellige Verschiebung. 
Die durch den Mischkristall 
Gitterst6rung wirkt also auch hier im gleichen 


hervorgerufene 
Sinne wie eine Temperaturerhéhung des Kristalls. 


3.4 Die Alkalihalogenid- 
kristalle 


In den Teilen 3.1 bis 3.3 sind die Spektren 


Absorptionskante der 


diinner aufgedampfter Schichten behandelt wor- 
den. Die Absorptionskonstante in den Banden- 
maxima liegt nach Messungen von Baver(!*) und 
KuBLitTzky“'®) in der Gréssenordnung 10° mm}. 
In dem vorliegenden Teil soll untersucht werden, 
wie die an diinnen Schichten gemessenen Banden 
mit der Absorptionskante in Zusammenhang 
stehen, die man an kompakten Kristallen misst. 
Als Beispiel wird die Absorptionskante von KBr 
behandelt, andere Alkalihalogenide zeigen ein ganz 


entsprechendes Verhalten. Die Messungen sind 
an Einkristallen und an zwischen Quarzplatten 


eingeschmolzenen Schichten ausgefiihrt worden. 
Wahrend die Spektren diinner Aufdampfschichten 
nur bis zu ‘Temperaturen von etwa 250°C unter- 
sucht werden kénnen, weil die Schichten sonst 
zusammenflocken oder verdampfen, kénnen diese 
dickeren Proben bei allen ‘Temperaturen bis zum 
Schmelzpunkt ausgemessen werden. 

Uber den Verlauf der Absorptionskante der 
Alkalihalogenide und ihre Verschiebung mit der 
Temperatur liegen bisher nur vereinzelte Angaben 
vor. Hitscw und Pout) haben aus der Wellen- 
langenabhangigkeit des inneren lichtelektrischen 
Effektes auf den Verlauf der Absorptionskante bei 
langen Wellen Forro™) und 
Mo.tiwo® haben die ‘Temperaturabhangigkeit 


von K 


geschlossen. 
der Absorptionskante im Bereich 
0,1 mm! bis K 1 mm! untersucht. 
Das Ergebnis einer sehr grossen Zahl von 
Einzelmessungen ist in Fig. 6 zusammengefasst. 
Die Ordinate ist logarithmisch geteilt und enthilt 


die Absorptionskonstante iiber einen Bereich von 
sieben Zehnerpotenzen. Die Wellenlangenskala ist 
wieder frequenz-proportional geteilt. 


ws 
JV 
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Fic. 6. Die Absorptionskante von KBr zwischen 20°K 
und 1000°K. 


Fiir alle Messtemperaturen zwischen 20°K und 
1000°K ergibt sich ein exponentieller Verlauf der 
Absorptionskonstante mit der Frequenz. Eine 
Abweichung von diesem Verlauf ist weder bei 
tiefen Temperaturen feststellbar, wo er durch 
Verunreinigungen und eingefrorene Gittersté- 
rungen hervorgerufen werden k6énnte, noch bei 
hohen Temperaturen, wo man vielleicht “in- 
direkte” optische Ubergiinge” erwarten kénnte. 

Bei grossen Absorptionskonstanten ergibt sich 
zwanglos der Anschluss an das _ langwelligste 
Maximum (I,) der Eigenabsorption. Die Absorp- 
tionskante der Alkalisalze wird also allein durch die 
Bande I, langwellige 


Auslaufer dieser Absorptionsbande. Die Alkali- 


bestimmt; sie ist der 


halogenide sind die einzigen bisher bekannten 
Substanzen, die an der Absorptionskante keine 
Uberlagerung mehrerer verschiedener Banden 
erkennen lassen. 

Mit zunehmender Temperatur erhalt man nach 
Fig. 6 eine starke Verschiebung der Absorptions- 
kante zu langeren Wellen. Diese Verschiebung hat 
zwei Ursachen: Erstens verschiebt sich das 
Maximum der Absorption, zweitens wird die 
Kante immer flacher. Die “‘Steilheit”’ der Absorp- 
tionskante ergibt sich am besten aus einer Para- 
meterdarstellung, wie sie in Fig. 7 gezeichnet 
worden ist. Hier ist zu jeder Temperatur diejenige 
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Wellenlange bzw. Photonenenergie angegeben, 
bei der die Absorptionskonstante KA 
bestimmten Wert, z.B. 1, 10, 100 mm=!, annimmt. 


Die eingetragenen Messpunkte lassen sich durch 


einen 


Geraden verbinden. Alle so bestimmten Geraden 


schneiden sich bei J = 0°K. Auf den absoluten 








darstellung der rptionskante von 
ler ‘Temperatur ist diejenige Photonen- 
der die Absorptionskonstante K 


angegebenen Wert annimmt. 


angegeben, bei 


sildrand 


Nullpunkt extrapoliert, wird demnach die Absorp- 
Absorptionskonstante 
kleinen Wellen- 
Zehnerpotenzen. Der 
nimmt linear mit 


} 
tionskante ‘“‘scharf’’, die 


andert sich in einem sehr 


langenbereich um viele 
Abstand der Geraden in Fig. 7 
der Temperatur zu. In der Darstellung der Fig. 6 
bedeutet das, dass die Steilheit der Absorptions- 
kante umgekehrt proportional mit der Temperatur 
abnimmt. 

In Gleichungsform zusammengefasst ergibt 
sich also fiir den Verlauf der Absorptionskante in 


Abhangigkeit von der Temperatur die Beziehung* 


Rie. T) «Ee? (4) 


orin k die Boltzmannsche Konstante, und / das 
Wirkungsquantum bedeuten. Weiter ist fiir KBr 
Re = 24 10 und die Zahl o = 0,79. 


Auf der mit Max. bezeichneten Punktreihe in 


mm! 


Fig. 7 ist die Lage des Maximums der Bande I, 
in KBr eingetragen. Die durchgezogene Gerade 
LURBACH hat eine ahnliche Beziehung fiir den 
Verlauf der Silberbromid- 


gefunden, allerdings gilt die 


\bsorptionskante von 
kristallen Gleichung dort 
nur angenahert und nur in einem kleinen Bereich der 


ytionskonstanten 


Absort 


gibt also die Temperaturverschiebung des Maxi- 
mums der langwelligsten Bande von KBr wieder 
(Gl. (3)). Auch schneidet die 
Ordinate bei derselben Photonenenergie wie alle 
anderen Geraden. Die Bande I, entartet demnach 
bei Extrapolation auf den absoluten Nullpunkt zu 
einer scharfen Absorptionslinie. 

In Wirklichkeit wird dieser Zustand nie erreicht. 
Weder liegt das Maximum bei sehr kleinen 'Tem- 
peraturen bei der extrapolierten Photonenenergie 
(6,80 eV), noch wird die Steilheit der Absorptions- 
kante unendlich gross. Vielmehr liegen unterhalb 
etwa 120°K alle Messpunkte bei kleineren Photo- 
nenenergien als es die Geraden in Fig. 7 angeben 
(diese Messpunkte sind zur besseren Ubersicht in 


diese Gerade 


Fig. 7 nicht eingetragen). 

Bei 20°K wird das Maximum der Bande bei 
6,76 eV gemessen, das entspricht auf der fiir das 
Maximum eingetragenen Geraden in Fig. 7 einer 
“Nullpunkts-Temperatur” von 60°K. Aus der bei 
20°K gemessenen Steilheit der Absorptionskante 
ergibt sich mit Gl. (4) eine Nullpunktstemperatur 
von 69°K. Beide unabhangigen 
Bestimmungen fiihren also zu recht gut iiberein- 


voneinander 


stimmenden Werten. 


4. DISKUSSION 

4.1 Die Cs]J Doppelbande 

HitscH und Pont haben gezeigt, dass der 
Abstand der beiden langwelligsten Absorptions- 
banden in den Alkalibromiden und-jodiden dem 
der Dublett-Aufspaltung des Halogen—Grund- 
zustandes entspricht (Bande I, und I,). FRANCK, 
KuHN und ROoLLerson®) hatten entsprechende 
Bandenabstande schon vorher in den Spektren der 
Alkalihalogenid-Dampfe beobachtet. In ‘Tabelle 4 
wird die spektrale Lage der einander entsprechen- 
den Banden in den Jodid-Kristallen (bei 20 K) und 
-Dampfen noch einmal gegeniibergestellt. Dabei ist 
die langwelligste Bande im Dampf ebenfalls mit I,, 
die nachst kurzwelligere mit I, bezeichnet wor- 
den. In der dritten Spalte ist die Differenz aus der 


ersten und der zweiten Spalte angegeben. Fir 


jeden einzelnen Kristall findet man eine annahernd 


gleich grosse Differenz fiir die Banden I, und I,. 
Die Bandenmaxima des Kristalls gehen also ein- 
fach durch Verschieben der Wellenlangenskala aus 
denen des Dampfes hervor. Dieser Vergleich lasst 
erkennen, wie weit die Eigenschaften der Molekiile 


auch in den Spektren der Kristalle erhalten 
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Tabelle 4. Lage der Bandenmaxima im Kristall und 
im Dampf (Barrow vu. Caunt ; °° dort auch 


Zusammenstellung der dlteren Literatur) 


Kristall Dampf Diff. 


1,76 
1,89 


2,00 


1,89 
(1,49) 
1,95 


1,98 
6,80 2,05 


eV eV 


bleiben. Insbesondere treten beim Zusammen- 
schluss der Molekiile zum Kristallverband in 
diesem Spektralbereich keine neuen, fiir den 
Kristall charakteristischen Absorptionsbanden auf. 

Anders liegen die Verhiltnisse bei der Doppel- 
bande II, des CsJ (Fig. 1, 2 und 5). Diese im 
Kristall sehr stark ausgeprigte Absorptionsbande 
fehlt im Spektrum des Dampfes. Die Bande ver- 
schwindet — wie in Fig. 2 gezeigt worden ist — , 
wenn CsJ—Kristalle aus der CsCl- in die NaCl- 
Gitterstruktur iibergehen. Das Auftreten dieser 
Absorptionsbande ist also mit den Symmetrie— 
verhaltnissen des umgebenden Gitters verkniipft, 
wir miissen diese Bande als eine spezifische 
Kristalleigenschaft betrachten. 

Diese Doppelbande der CsJ—Kristalle unter- 
scheidet sich aber auch in ihrem sonstigen Ver- 
halten von den anderen Banden der Alkalihalo- 
genide. Ihre langwellige Komponente hat eine 
wesentlich geringere Halbwertsbreite als alle 
bisher in Alkalisalzen beobachteten Banden. Beim 
Erwarmen zeigt zwar iiblich 
Zunahme der Bandenbreite, aber die Temperatur— 


sich wie eine 
verschiebung erfolgt umgekehrt wie sonst zu 
kurzen Wellen. Ein derartiges Verhalten ist bisher 
nur in zwei Fallen beobachtet worden : Der erste 
Fall betrifft eine von MoL_iwo® untersuchte 
Absorptionsbande von kolloidalem Ca in CaF,. 
Der zweite Fall ist die von PLEIL®@) untersuchte 
langwelligste Bande der Eigenabsorption von 
T1Br—Kristallen. Dieser zweite Fall scheint in 


engem Zusammenhang mit der Doppelbande des 
CsJ zu stehan. T1Br kristallisiert ebenfalls in der 
CsCl-Struktur. In stark gestérten Aufdampf- 
schichten erhielt Pleil ebenfalls eine kurzwellige 
Verschiebung der fraglichen Bande, ahnlich wie es 
Fig. 5 fiir die Doppelbande von CsJ zeigte. Fiir 
dieses aussergewohnliche Verhalten der fiir die 
CsCl-Struktur charakteristischen Absorptions- 
banden konnte bisher noch keine Deutung gegeben 
werden. 


4.2. Der Einfluss der Temperatur auf die 

Bandenbreite 

Der Einfluss der thermischen Gitterschwin- 
gungen auf die optischen Uberginge zeigt sich am 
sinnfalligsten in der mit der Temperatur zuneh- 
menden Halbwertsbreite der Absorptionsbanden. 
Diese Halbwertsbreite sich aber nur an 
diinnen, aufgedampften ausmessen. 
Das _ hat Nachteile : sind die 
Reflexionsverluste an diinnen Schichten nicht 
bekannt, zweitens kann die Halbwertsbreite 
bereits durch die geringe Korngrésse der Kristal- 
lite in der Schicht beeintrachtigt sein. ‘T'atsachlich 
erweist sich die an diinnen Schichten gemessene 
Halbwertsbreite abhangig von der dicke und 
vorherigen Temperung der Schichten. 

Fiir die langwelligste Bande der Eigenabsorp- 
tion ergibt sich aber noch eine andere Méglichkeit, 
die Breite zu Teil 3.4 wurde 
gezeigt, dass die Absorptionskante des Kristalls 
mit dem langwelligen Auslaufer dieser Bande 
identisch ist. Die Steilheit der Absorptionskante 
ist also ein Mass fiir die Breite der Excitonen- 
bande. Der Verlauf der Absorptionskante lasst sich 
an Einkristallen verschiedener Dicke mit grosser 
Genauigkeit ausmessen. Die Experimente ergeben 


lasst 
Schichten 


zwel Erstens 


bestimmen. In 


die empirische Formel 
K(v,T) = Age “kT : (4) 


mit den Konstanten K, = 2,4: 10° mm! und 
o = 0,79 fiir KBr. 

Diese Gleichung lisst sich in folgender Weise 
interpretieren. Bei der Temperatur T' liegt das 
Maximum der Absorptionsbande bei der Fre- 
quenz v,,,x,- Man findet aber nicht nur bei der 
Frequenz v,,,x,, sondern auch noch bei der etwas 


kleineren Frequenz v eine Absorption. Diese 





WERNER MARTIENSSEN 


Frequenz kann nur von den Molekiilen absorbiert 


den fehlenden Energiebetrag Ahv 


en, dle 


muss der 


aufbringen kénnen. Er 
Molekiils 
Molekiile 


I 
Bi 
] ie einen thermischen Energie- 


selbst 


nergie des enthnommen 


rg 
teil der die bei der 


lestens e¢ verfiigt, ist gegeben 


Vo 
Zahl 


proportional 


onskonstante der der 
direkt 
_ der Gl. (4) und (5), dass 


r Frec 


1 
abD- 


juenz v absorbieren 
grosser als 


Wenn 


chtquanten der Energie hy,,.. zu 


Energie 
Oder anders ausgedriickt 


rmodgen, so kénnen N von diesen 
uanten der etwz 


V Mole- 


eine 


hon Lichtq 


auch S¢ 
absorbi« ren. Die se 
ausgezeichnet, dass sie 
besitzen, die grésser ist als 
lekiilen kann nimlich 

| 


re ganze thermiscne Energie 


rden, den optischen Ubergang 
kc oc 
— 
mnen 
auch 


iskularen Modell 


kleine 
ynskante 


experimentel! nicht ver- 


eine verschwindend 


beliebig steile Absorpti 
all auch noch beim 
Nullpunktsenergie 

fischen Wiarme 
turen“ 

von 2,9 - 10-7 eV fiir jedes 
““Nullpunktstemperatur’’ von 
und Breite 
mpe- 


Uber- 


urde aus de r Lage 
“Nullpunktste 
Die 


erwarten 


20°K eine 


69°K ermittelt. 

einstimm| Y 1Si » PuT Wile Man sie nur 
kann. 

Das us Gl. r T=O°K 


ein 


extrapt lierte 


Verhalt 1gT , wie sich idealisierter 


Kristall sialon wurde, dessen Gitterbausteine 


starr an ihre Gleichgewichtslagen gebunden sind. 


In solch einem Kristall wiirden die optischen 
Auswahlregeln) fiir die Erzeugung eines Excitons 
fordern. Das ist 
gerade das hier aus den Experimenten geschlossene 
Verhalten. 

In der oben gegebenen Darstellung wird die 


eine scharfe Absorptionslinie 


Verbreiterung der Absorptionsbande mit zuneh- 
mender ‘Temperatur mit dem thermischen Ener- 
In Teil 3.3 wurde 


Ab- 


wie 


gieinhalt des Kristalls gedeutet. 
Gitterst6rungen die 
Weise 
Das in 


gezeigt, dass optische 
beeinflussen 
‘Temperatur. Fig. 4 gezeigte 
Spektrum der stark gestérten Schicht war mit 
dem einer Schicht bei 480°K 
gleichbar. Es liegt nahe, die veranderte Absorption 


sorption in gleicher 


erhohte 
ungestorten ver- 
der stark gestérten Schicht durch einen Energie- 


inhalt zu erklaren, der der thermischen Energie 
bei 480°K gleich ist. 
Molekiil 


Fehlordnungsenergie 


So berechnet sich fiir jedes 
Schicht eine mittlere 
0,22 eV, dui. 
1,2 fache der Schmelzenthalpie beim Schmelz- 
punkt. Die stark Schicht ist 
hinsichtlich Energieinhaltes wie eine 
Schicht”’ 


der gestérten 


von U das 
demnach 
“bei 
auf- 


gestorte 
ihres 
tiefer ‘T‘emperatur geschmolzene 


zufassen. 


Herrn Prof. 
Anregungen und 


Meinem hochverehrten Lehrer, 
Dr. R. Hiscu, 


stetes forderndes Interesse an 


mochte ich fiir 
der Arbeit meinen 


warmsten Dank aussprechen. 
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Abstract—Th¢ ctivity mechanism for the samples measured is associated either 
th the conduc th an impurity conduction mechanism according as the temperature 
lensity of impurities is sufficiently low to preclude formation of an 


ca 

anism of impurity conduction fits a model recently proposed by 
cceptors leave ionized donors or defects in the array of neutral donors. 
»ossible by migration of these donor defects after the y have been thermally acti- 

the coulomb field of the ionized acceptors. 
the conduction band is found to deviate from Ohm’s law at fields as low as 3 
ld for the breakdown generally ascribed to impact ionization. A heating of 
ibsequent variation of both mobility and carrier density is found to 
‘he variation of carrier density is presumed to be caused by a 
f capture of a conduction band electron by an ionized donor, 


ire due to the velocity dependence of the cross section for scattering 


mons 


INTRODUCTION 


y and Hall mobility of several samples 


ductivity becomes non-linear depends on tempera- 
ture in a manner that can very satisfactorily be 


ire n-type germanium single crystals _ related to impurity conduction in the ohmic region. 
red as a function of applied electric This correlation offers both evidence for impurity 
ld conduction and a possible explanation as to why 


TY 


n the temperature interval 
other investigators did not find significant low field 


carrier density, the deviations from Ohm’s law in their samples. 


uising the mean energy of the 
) values appreciably greater APPARATUS 
by applying continuous a) Temperature contro 
' nite wend in previous The germanium si les are rectangular bars ap- 
hos” electrons @) In addition to proximatel\ Imm to which six leads, two 
Scare current end, two potential leads and 
viations from Ohm’s law two Hall th 60/40 lead tin solder. 


pproximately a }mm diameter 
Cre 4 
loaded Teflon holder (Fig. 1) 


is low as 3 per I ti The contact are a 
both to a circle. The tched after soldering and 


as CONWELI originally nounted 
J ( a copper wound solenoid held at 
diameter inconel tube. Lead 


1 

the end of a two foot, 41n 
wires of 0-005 in. constantan spaced by Teflon go through 
in a header at the far end of the 


' ; 1 esigned 
1 to explain the RyDER™ results andtoa_ , 

in carrier density. We believe the change 

to be dominated by impact ‘Teflon vacuum seals 

inconel tube. This entire assembly is lowered down the 

| mee : in. neck of a 15 liter Superior helium storage dewar, an 

the recombination probability at lower 
. O-ring vacuum seal at the header permitting the liquid 
helium to be either pressurized to 5:1°K or pumped to 


1‘8°K. An Emil Greiner No. 8 manostat mounted in a 


breakdown region, and by a de- 


field a 
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thermostatied cil bath is used to stabilize the pressure, 
which in turn is measured with a mercury-in-glass mano- 
meter. The helium flow rate of 3 cc NTP/sec causes 
negligible pressure drop between the dewar and mano- 
meter. The temperature is reduced using the 7';5, scale 
proposed by CLEMENT et al.(4)* 


-INCONEL SUPPORT 
—CONSTANTAN WIRE 


—TEFLON SPACER 





—BRASS SLEEVE 


-COPPER SOLENOID 


hk—— TEFLON SAMPLE HOLDER 


SAMPLE 
HELIUM CHANNEL 

















Fic. 1 


low temperature 


View of sample holder and solenoid used for all 
resistivity and Hall measurements. 
(6) Electrical measurements 

Because of the low carrier density, and the limitations 
on sample geometry due both to the physical size of the 
apparatus and gradients of minority impurity concentra- 
tion in the sample, the resistance of the samples is often 
of the order of 10!* ohms. Shielding requirements at these 
impedance levels make it hard to avoid stray capacities 
much less than 50 yuF and therefore time constants of the 
order of a minute in some cases. Since the resistivity 
becomes voltage dependent (to be discussed) for voltages 
of about 0-2 volts, it becomes necessary to measure cur- 
rents of ~ 10-!* amperes with precision. Moreover, 

* This scale was chosen rather than that proposed by 
VaN Dik and DurieEvux because it was chosen to fit more 
smoothly the meager experimental data existing on 
helium vapor pressure between 4° and 5°K. 


Hall voltages of the order of millivolts must be measured 
at these impedance levels. By the use of Teflon insulated 
type N coaxial connectors, low noise polyethlyene in- 
sulated coaxial cable and Teflon insulation wherever 
necessary, leakage resistance is kept greater than 10% 
ohms. 

For both Hall and potential measurements, two Ap- 
plied Physics Corporation vibrating reed electrometers 
are used as a differential voltmeter. These electrometers 
are high gain feedback amplifiers converted to operate 
essentially as impedance transformers. Their low im- 
pedance output reproduces the input voltage with an 
accuracy given by the reciprocal of the gain. The 
resultant precision is 0-05 per cent. The current through 
the germanium sample is measured by a d.c. coupled 
high gain feedback amplifier using a Raytheon 5886 
electrometer as the input stage. The gain is 500. A series 
of input resistors which have been calibrated to a relative 
precision of 0-1 per cent is used for changing ranges. The 
output of the current and voltage electrometer amplifiers 
go to different co-ordinates of a Leeds and Northrup 
X-Y recorder whose precision of --0-3 per cent of full 
scale is the limiting factor in all resistivity measurements. 
The measurements of Hall voltage are somewhat less 
precise, particularly at low values of Hall voltage, be- 
cause of noise of about 0-25 millivolt in the circuitry. The 
measured values of Hall voltage are within 2 per cent 
over the entire range, and significantly better for the 
larger values. 


OBSERVATIONS 

(a) Low field region 

Though initial exploratory measurements were 
made on more than one sample cut from each of 
about eight different crystals, both p- and n-type, 
extensive data were taken only on four n-type 
samples. Table 1 lists their specifications. ‘The 
results reported here are typical of all crystals on 
which measurements were taken. The temperature 


dependence of the resistivity, p, of four samples, 
and the Hall coefficient, R, for two samples at 
electric and magnetic fields sufficiently low so that 
both p and R are field independent is shown in Fig. 
2. Because of the higher activation energy of As- 


doped germanium, ) the resistivity at 4-2 K of the 
As doped sample is about 10° times that of material 
equally doped with Sb, thereby precluding mea- 
surements below ~4-3°K in reasonable time. Inas- 
much as the As data were taken before the ap- 
paratus was perfected to its present state, quantita- 
tive discussion of it will not be given. 

The temperature variation of resistivity 1s 
similar to that previously reported ®) except that 
the impurity concentration is considerably lower 
than for previously reported data. In the higher 
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Table 1. Physical properties and sources of the germanium samples 


. : Crystallographic 
Room temp Doping Growth 
7 pource orientation ot 
resistivit agent method 
current 


nWLL12-5 1-0 2 cm Sb Lincoln Pulled from 111 ) 
Laboratories melt 

nWLB24-1 1-8 Q cm As Bell Laboratories Pulled from 110 ) 
Murray Hill melt 

nWLB25-1 1-1 Q cm Sb Bell Laboratories Zone Leveled 111 ) 
Allentown 

nWLB26-1 8-7 Qen Sb 3ell1 Laboratories Zone Leveled 111 ) 


Allentown 







AC 


cm/ 


Hall constant, R, 





Resistivity and Hall constant vs. reciprocal temperature. 
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nWLL12-5 and (b) sample nWLB26-1. The extrapolated Ohm’s law behavior is shown. The value of field, F, 
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Fic. 3b 


Current density, reciprocal Hall constant and Hall mobility vs. electric field intensity for (a) sample 


at 


which the deviation from Ohm’s law is 2 per cent, is indicated. The dotted mobility curve in Fig. 3b results 
when magnetoresistance is taken into consideration. It should be noted that the magnitude of the mobility scale is 
the same for (a) and (b) but there is a shift in the origin. 


temperature range, an activation energy is observed 
which agrees with the accepted values for Sb. )* 

At the lower temperatures, the behavior of the 
resistivity and Hall constant are consistent with the 
concept of an impurity conduction mechanism 
which will be discussed below. 


(b) High field behavior 

In Fig. 3a and 3b are plotted the variation of 
current density j, reciprocal Hall constant R=, and 
Hall mobility 147 = Re as a function of the electric 
field measured in units of the critical field. The 


* The correction tor the T~*'? factor in the density of 
states term in the expression for the number of carriers, 
as well as the slow temperature variation of mobility, 
has been ignored, since in the small temperature interval 
considered it will cause the stated activation energy to be 
in error by about 10 per cent, which is not significant for 


the present cc ynsiderations. 


critical field, E,,;,, is essentially defined in Fig. 3 
as the largest static electric field the sample can 
sustain in zero magnetic field. o is the conductivity 
for zero magnetic field. For Fig. 3a, the magnetic 
field is sufficiently low so that R is independent of 
magnetic field over the whole range of current. 
For Fig. 3b, because of the higher mobility, the 
Hall constant as plotted is from 7 to 10 per cent 
lower than its extrapolated field independent value 
at low magnetic fields, the higher discrepancy 
applying in the regions of higher mobility. For the 
quantities considered here, this error is not im- 
portant, and it was more convenient to take the 
data at the field used. 

It should be noted that the data presented in 
Fig. 3 are for temperatures sufficiently high so that 
the low field resistivity varies with temperature 
according to the known activation energy for Sb 
doped germanium. Also shown is the extrapolated 
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inear range for 7, as well as the value of applied 
d E,.. at which the resistivity 
2 per cent from its low field value. The curves 


has decreased 


j in Fig. 3 are traced from actual recorder plots. 
[hese are the last of a series of six nested plots 
taken with a decrease in current sensitivity of 
actor of four or five. In this way, accurate data 


the entire voltage range were obtained. Fig. 4 


oft current vs 
showing the 


tric fields 


reproduces a recorder trace corresponding to the 

linear range of Fig. 3a. It is clear from this that the 

resistivity is strictly independent of applied field in 
this range within the thickness of the trace. 

data are taken for each sensitivity range. In 

: data for R and yy have been read off 

the various recorded plots, calculated and plotted, 

he experimental scatter may be readily 

to be no greater than Z 

3a, on the other hand, have been 


per cent. The 
data for Fig. 
a previously smoothed curve. 

As the applied electric field increases, the mag- 
netoresistance increases. A tracing of a recorder 
plot with and without magnetic field is seen in Fig. 
5. In Fig. 3b, the dotted line is a plot of Roy 
where oy is the value of the conductivity in the 
presence of the magnetic field. The abscissa is still 

rms of the value of critical field for H = 0, 
since only a scale factor would be involved in 


changing to the value of critical field for H # 0. 


AND G. 


R. GUNTHER-MOHR 


It is clear from these diagrams that there are 


three separate regions in the current-voltage 
characteristics. There is firstly a low field region 
where the resistivity and Hall mobility are in- 
dependent of electric field. A second region exists 


where the current increases several orders of mag- 


) | 
| 


NWLL 12-5 
188gauss 
T=4:979°K 








Field off 


VAem 
\ reproduction of recorder traces of the current 
for sample nWLL12-5 with and 


without an external magnetic field. 


ic. 5 


applied voltage 


nitude in excess of the current extrapolated from 
the linear range. In this region, the Hall mobility 
first increases to a maximum and then starts 
decreasing. In the purer samples, this maximum 
occurs at a field sufficiently low so that a plateau is 
produced in the curve of 7 vs. E/E.,;, (Fig. 3b). 
In addition to the increase in mobility with in- 
creasing electric field, the reciprocal Hall constant 
R-! shows a large monotonic increase, suggesting 
that an increase in the carrier density is mainly 
responsible for the large excess current (AJ) in 
this intermediate region. 

Fig. 6 shows a plot of AJ vs. applied electric 
field for the two samples of Fig. 3. It is seen that 
AI is proportional to a power of the field from a 
value of AJ as small as can be significantly mea- 
sured (~ 4 per cent of the linear current) to a 
value of E/E..:, 
for the maximum in the Hall mobility. As shown in 
Table 2, this power varies slowly with temperature 


corresponding roughly to that 
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as well as from sample to sample. What seems 
significant however, is its relative constancy with 
variation of impurity concentration. 


e NWLL12-5, T=4-790°K 
NWLB 26-1, 7=5:O056°K 


arbitrary units 


Fic. 6. AJ, the current in excess of the extrapolated linear 
current, vs. electric field intensity measured in units of 
Eerit, the critical breakdown field. 


The third region of Fig. 3 is the non-destructive 
reversible ““breakdown’’, a region where the cur- 
rent may increase by a factor of 10° (until the 
crystal temperature rises) with essentially constant 


Ss 


Table 2. Values of the slope of the curve of log AI, 

the current in excess of the extrapolated Ohm’s Law 

current, vs. log applied electric field for various 
samples and temperatures 


Sample Temperature ywer Doping 


nWLL12-5 ‘98°K cS Sb 


nW1LB24-1 


nWLB25-1 


nWLB26-1 


electric field. The onset of this region is sometimes 
characterized by a region of double valued current 
and a slight negative resistance as seen in Fig. 3, 
followed by the vertical rise in current. The nega- 
tive resistance does not seem to be an inherent 
property of the germanium. This will be discussed 
more fully in the section on contacts. While Hall 
measurements were not extended very far into the 
breakdown region, it is clear from these measure- 
ments and from those of other workers®) that an 
increase in carrier concentration is mainly respon- 
sible for the large increase in current. 

The critical field for breakdown ranges from 4 
volts/cm for samples of high purity to 40 volts/cm 
for the more impure samples doped with group V 
elements. This field, however, is more than a factor 
of 20 greater than that at which the conductivity of 
the samples becomes nonlinear, provided measure- 
ments are made at temperatures corresponding to 
the left hand side of Fig. 2, i.e. at temperatures 
where the ohmic resistivity varies with temperature 
according to the activation energy for the doping 


material. 


(c) Temperature dependence of non linear region 
Figs. 7a, b, c show the variation of the current- 
field characteristics and the reciprocal Hall coefh- 
cient as the temperature is progressively lowered. 
Two things are apparent. Firstly, the linear region 
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7% 


1 3 
Rin Cem 
n A/cm 


extends to progressively higher fields as the tem- 


perature is lowered. Secondly, R—! is no longer a 


monotonically increasing function of field, but 
rather starts at very high values at low fields, goes 
through a minimum, and then starts increasing. 
Fig. 8 shows the variation of the critical field 
with temperature. For the purer samples, the 


variation is less rapid, but qualitatively the same. 


AND G. R. 
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NWLL12-5 
T=3-658°K 





Fic. 7. Current density and reciprocal Hall constant vs. 
electric field intensity for nWLL12-5 at progressively 
The contribution of 
linear impurity conduction to the total current as the 
temperature is lowered is apparent in the extension of 
ohmic behavior to higher fields at lower temperatures, 
and in the behavior of R™ 


low er temperatures. increasing 


, which at low fields and low 
temperatures indicates that the carrier density of the 
dominant conduction mode is high. 


e nNWLLIi2-5 
NWLB 25-1 
> NWLB 26-1 


critical Vem 














2 3 4 567890 
Temperature °K 


vs. temperature for the Sb doped samples 


(d) Surface effects, anisotropy, contacts 


All the data that have been presented were taken on 
samples that were CP, etched. This treatment produces 
consistent data which in no way depend on surface to 
volume ratio. Once the sample has been etched, ex- 
posure of the surface of atmospheric ambient for several 


months has no measurable effect on the low temperature 
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data. Furthermore, a layer of ice on the surface formed 
by removing the sample from the helium bath and re- 
placing it after water condensed on its surface had no 
observable effect on the low temperature measurements. 
Earlier data taken on a sample with lapped faces shows 
little effect either on the linear range or the breakdown 
field, but shows completely different behavior in the non- 
linear regions below breakdown. Re-etching restores the 
initial properties. This behavior has not as yet been 
investigated further. 

There is a distinct anisotropy in the nonlinear and 
breakdown behavior as a function of the crystallographic 
orientation of the applied electric field. All the significant 
data presented here are for bars cut with the <111 ) 
direction as the longitudinal axis, this being the ‘‘hard’’ 
direction for breakdown, in accordance with the predic- 
tion of GoLp.‘") A detailed study of the anisotropy is in 
progress. 

The problem of contacts and their effect on the mea- 
surements has been investigated in some detail and these 
investigations are being continued. The physical pro- 
blem of soldering to the germanium and having the 
contacts remain in place as the sample is cooled is not 
difficult as long as the solder layer is reasonably thin. 
Otherwise the contact and the germanium under it come 
off leaving a conchoidal fracture. As long as the current 
contacts are reasonably ohmic at room temperature, no 
rectifying action is observed at low temperatures. The 
contacts are often highly nonlinear but bilateral at low 
fields. Often of the order of 50 mV across them is re- 
quired before their resistance becomes small compared 
to that of the sample. None of this has any significant 
effect on the though the circuit time 
may be appreciably increased at low fields. 

The finite size of the potential and Hall contacts does 
Firstly, 
part of the surface, 


results, constant 


have an effect. the contacts, by short circuiting a 
make the electrical geometry deviate 
This has been 
demonstrated by taking a resistivity trace at room tem- 


from the ideal of plane parallel symmetry. 


perature of a bar with and without a small solder dot on 
Also, Hall measurements at helium tempera- 
tures on one Hall contact at a time show different results, 
that the 
distribution does not fall along the geometrical 
A 15 per cent shift of the center of gravity 
has been observed by both methods for contacts of 1 mm 


one side. 


suggesting center of gravity of the current 
axis of 


the crystal. 


diameter. 

The effect of all this on the shape of the curves of Fig. 
3, however, appears to be negligible in the regions below 
breakdown. Data have been taken on crystals which had 
several sets of contacts of intentionally poor geometry. 
The data for all sections agreed within 
it appeared that the discrepencies were due mainly to a 


3 per cent, and 


gradient of acceptor concentration over the sample rather 


than to the contacts. There is a negligible effect due to 


gradients of this sort on the room temperature properties 
of the germanium, but (as will be discussed below) the 


low temperature resistivity of these samples varies 


roughly as the square of the minority impurity concentra- 
tion. 
The most important effect that contacts have is in 
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determining the nature of the onset of breakdown. It is 
possible by removing and replacing the contacts to a 
sample to change and at times eliminate the negative 
resistance region of the current-voltage characteristics at 
breakdown, in a manner at present not predictable. Data 
suggest that the critical field is not affected, but rather the 
value to which the field decreases 
vertical rise of current is changed. 


at the onset of the 


These negative re- 


sistance regions moreover seem to be associated with the 


fact that the current is flowing along the hard axis for 


breakdown. 


INTERPRETATION 
(a) Low field region 
An understanding of the low 
dependence of the linear region (Fig. 
tained by comparing the results for nWLB25-1 
and nWLL12-5 
mately the 


a 
2) is best ob- 


These two crystals have approxi- 
same room temperature resistivity 
(Table 3); since lattice scattering determines the 
room temperature mobility for these samples and 
all carriers will be ionized, the quantity 
-N 4), where N p and N , are the donor and 


since 
(N D 
acceptor concentrations respectively, is approxi- 
mately the same for both. At helium temperatures, 
the conduction band carrier density is given by‘) 
n = 2(2am*kT /h?)3!2[(N — N_4)/N 4]e7* *”. More- 
over the scattering at low temperatures is mainly by 
that the 
for these similar samples. It is 


ionized impurities, so mobility varies 


roughly as N ,- 


then possible to determine two independent values 


for the ratio of the acceptor concentrations of these 
R. In 


ratio as 


two samples, by measuring j.,, and z,p 
Table 4 are listed the values of acceptor r 
determined this way. 


Table 3 


as obtained from loz 


. Impurity content of the germanium samples 
uv temperature and room tempera- 
ture measurements 


Room 
Resistis ity 


. Temp 
Sample 


nWLL12- 
nWLB25- 
nW LB26- 


5 1-( 2» cm 
1 1° . 2 cm 
1 8:7 Q cm 


In obtaining these ratios, the ratio of room tem- 


perature resistivities was used to determine the 
ratio of the values of (N,— N_,) forthe two samples. 


The equality of both the activation energy and the 
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drift to Hall mobility ratio for the two samples was 
assumed. In addition, a linear dependence of ionic 
scattering on the concentration of ionized im- 
ties was assumed. The justification for these 
nptions is the fact that the total impurity 
nt is ¢ tially the same for both samples, 
of compensating impurities differs 


+ 


actor of two. 


above expression for carrier density, 
actual acceptor concentration 

| The applicability of these ex- 
using m/4 for m* has been demonstrated 
CONWELL.‘®) The results are tabul- 
In estimating these values, the 
activation energy of 9-9 10-% eV, was 
ce the fractional error in obtaining the 
e/kT ( 


and be- 


n agnitude of A , 1S fa 20) 


] error 1n Measu#&ring e, 


age 
in measurement and in the 


re scale for the range 4-5 K can con- 

of the order of a 2 per cent error to the 
of «, the tabulated absolute values of A ; May 
error by 40 per cent. This does not apply, 
values of  , for the two 


ever, to the relative 


i $2 cm Sample Ss. 


Table 4. Ratio of acceptor concentration among the 
samples as determined by carrier concentration in the 
on band, ionized scattering in the conduction 


condaucti 


band and resistivity in the impurity conduction 


range 


quare 


root 


Sample nWLB26-1, purer by an order of mag- 
nitude, may be favorably compared with the other 
two samples; the results are shown in Table 4. ‘The 
same assumptions were made here as in comparing 
the two 1 22cm samples, though their validity is 
The 


disparity between the two values for the ratio 


somewhat more questionable here. greater 


N 425-1/N 496-1 2S Compared to the two values for 
the ratio N 4;-;/N 419-5 is due to the failure of two 
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assumptions. Firstly, the activation energy is not 
the same for the two samples, but is larger for the 
purer sample. The difference is of the order of 
2 per cent, which is the limit of experimental un- 
certainty. This would serve to raise the value of the 
ratio 1-22 of acceptor concentration by ~40 per 
cent. Secondly the nonlinear dependence of the 
inverse of the mobility on concentration of ions 
must be considered. This nonlinearity will probably 
arise in any theory because of the necessity of 
cutting off the coulomb field either because of the 
proximity of neighboring centers, or by shielding 
of some sort. The effect is to make the mobility 
vary faster than N ,~! as N _, decreases, so that the 
value of 2-2 for N 4o;-1/N 46-1 Would be decreased. 
To estimate the error is difficult because of the 
large difference in N, the lack of both 
theoretically valid impurity scattering laws and 


and 


experimental data at these temperatures.? 

The significance of the above discussion of the 
temperature dependence of the linear resistivity 
and mobility for the higher temperatures under 
consideration is that nothing unexpected occurs. 
Thus, for example, while the resistivity of the two 
1 Q cm samples begins to saturate at ~ 10° 2 cm 
and ~ 4:2°K, the resistivity of nWLB26-1 con- 
tinues to increase several orders of magnitude as 
the temperature is lowered, before deviation from 
the activation 0-01 eV This 
strongly suggests that surface conduction, which 
would be independent of bulk properties plays no 
role in the present observation. Surface conduction 


energy of occurs. 


might be expected for samples with surfaces more 
imperfect than those produced by a heavy CP, 
etch, as is indeed found to be the case by the 
authors as well as by FrirzscHe“® for lapped sur- 
faces on germanium, and by FREDERIKSE®) for the 
chemically unstable surfaces of Mg,Sn. This is all 
significant because both at lower temperatures and 
at higher electric fields, different and not normally 
expected phenomena are observed. It then be- 
comes important to correlate these new phenomena 


+ The ratio of acceptor concentration for two samples 
as determined by mobilities may be significantly different 
for one 


from resistivities, if 


principally multiply-charged 


than the ratio obtained 
sample the 
acceptors like Cu or Zn. In this case the mobility would 

Z*N«a 
1, where Z is the number of electrons trapped on 
‘These considerations may well be relevant 


1 N A26-1 


acceptors 


go as whereas the resistivity would depend on 


Z°N 
the acceptor 


when comparing the two values of N 4os5- 
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with the physical properties of the samples. The 
fact that these properties can be unequivocally 
determined 7m situ makes possible a most favorable 
experimental situation. 

Impurity conduction. As the temperature de- 
creases, with the electric field held sufficiently low 
to assure ohmic behavior, the resistivity, as seen in 
Fig. 2, no longer varies as rapidly with temperature 
as at higher temperatures. Rather, the log p vs. 1/T 
curve is slightly concave upward with a mean slope 
on the order of 0-7 10-3 eV. Moreover, the Hall 
constant and Hall mobility progressively vanish. 
The temperature at which this transition occurs 
decreases with decreasing total impurity concen- 
tration, provided the type of donor impurity is 
unchanged. Even for sample nWLB26-1, however, 
where Np = 2x10" N,~2x 10, this 
transition is found. For nWLB24-1, the As doped 
sample, no transition is observed at 4:2°K, though 


and 


the resistivity is ~ 10"! ohm cm and the donor and 
acceptor concentrations are similar to nWLL12-5. 

Similar observations have been made and dis- 
cussed extensively by HuNG and GLEIssMAN‘®) as 
well as FritzscHe‘®) for samples of considerably 
greater total impurity concentration than those con- 
sidered here. Their explanation in terms of an im- 
purity conduction mechanism of extremely low 
mobility and high carrier density in parallel with 
the conduction band is in qualitative agreement 
with the existing data on germanium. 

The evidence for an ohmic conduction path of 
extremely low mobility and a temperature varia- 
tion of resistivity small compared to that of the 
conduction band is best seen in the Hall and resis- 
tivity data of Figs. 2 and 7. For the case of two 
non-interacting conduction paths, the resultant 
(1,4, 4H, NoflolLH9) 
Mofo)” Ww here pu and uy refer to drift and Hall 


Hall constant is given by R 
(mp4 
mobility respectively. In the limit where the o and 
fu o of one mechanism is large compared to that 
of the other, R reduces to the Hall constant for the 
higher conductivity mode. R goes through a maxi- 
mum in the region where the two conductivities 
are of the same order of magnitude. If one assumes 
that the major contribution to the variation of R 
with temperature is the change in number of 
carriers in (in our case) the conduction band, it is 
readily shown that R reaches its maximum for the 
temperature at which the two contributions to 
the conductivity are equal, or at which, in Fig. 2, 
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the extrapolated slope is twice the measured re- 
sistivity. As closely as one can determine from the 
original data, this is in fact the case. 

In Fig. 7a, b, c, the increasing relative contribu- 
tion of impurity conduction to the total current as 
the temperature is lowered is seen in a more stri- 
king manner. Firstly, the linear conduction region 
extends to higher and higher fields as the tempera- 
ture decreases, suggesting that the linear range 
conduction becomes more determined by field 
independent impurity conduction as the tempera- 
ture is lowered. It is not until progressively higher 
fields that the resistivity of the conduction band 
decreases sufficiently for its nonlinear conductivity 
to dominate the variation of current density with 
electric field. Howey er, at the lower temperatures 
the influence of the conduction band still mani- 
fests itself in the behavior of the reciprocal Hall 
constant, which shows a strong decreasing trend 
throughout the range of the linear current-voltage 
relationship. In Fig. 7a the reciprocal Hall con- 
stant shows no minimum, but in Fig. 7b and 7c it 
has a minimum which becomes more sharply con- 
cave and moves to higher fields. The concavity has 
been discussed by CoNnweLL™) in another con- 
nection. The shift of the minimum to higher fields 
as the temperature is lowered indicates that the 
conduction band current becomes significant only 
the 
mobility, as well as the carrier density, is field 


at higher fields. Because conduction band 
dependent, the condition for the minimum of 
R-1 is no longer that the two conductivities be 
equal, but rather that o, = o,[1+(2n, du,/dE) 
(4, dn, dE)-). For Fig 7b, the minimum occurs at 
a value of field where du,/dE is small, and (noting 
from Fig. 4 that the linear region is about 10 per 
cent conduction contribution) it is seen that for 
this case o, X o, at the minimum. For Fig. 7c, 
du,/dE is negative at the minimum, and the mini- 
mum should occur, using the data of Fig. 3b, for 


C 


39 X 30,, which within ~ 10 per cent is experi- 


mentally the case. The drift to Hall mobility ratio 
is assumed field independent. 

The above has been in the nature of confirming 
the concept of a low mobility, bulk conduction path 
in parallel with the conduction band. HuNG and 
GLEISSMAN(®) and FritzscHE ®) have attributed this 
conductivity to conduction in an impurity band, a 


band of one-electron states formed by the over- 
lapping of the donor (or acceptor) ground state 
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levels. Banding of this sort has been discussed by 
by BALTEN- 
CON- 
this 
for 


recently 
TALLey (4) 


ERGINSOY . and more 
and 
that 


germanium 


suggest 


calculations 


reasonable in 


concentrations ~ 10!*/cm*® or greater in 


material or for acceptor 


p- 


n-type 


greater in 


1is model, there would be no 


impul ity conduc tion, con- 


) experimental findings. On the other hand, 


ms of excited donor states will 


runcti 
lap at lower concentrations than those of the 
an excited 


1 and, if conduction in 


States, 
is the dominant mechanism in any tempera- 
an activation energy would clearly be 
vith the process. Recently KusHima(?) 


has shown that some of the FrirzscHE‘®) data, in 
vhich two impurity activation energies are seen 


in successive temperature ranges, is consistent with 
conduction in excited bands, and this for a p-type 
sample with an acceptor concentration of 4-7 « 10'8 


cm~”’ and 


an estimated 10-20 per cent compensa- 
tio! pendence of the data on concentration, 
of the 


with aecreasing impurity con- 


The de 
large 


he disappearance 
1 


ion 
is, however, not consistent with a model in 


energy 
which band formation is assumed to be responsible 
the two regions of impurity conduction. Rather, 
he data are consistent with conduction in an ex- 
cited band and a ground state conduction path for 
which the conductivity is determined by a mech- 
anism other than band formation and which still 
persists when band formation is negligible. 

The possibility that the present data can be due 
to conduction in an excited band cannot be over- 
looked, especially in view of the estimates“® that 
the excited state for Sb in germanium is 0-7 « 10-3 
eV above the ground level. However, the experi- 
mentally found strong dependence of impurity 
concentration, Fig. 2, 


activation 


conduction on 
Table 4, 


energy for impurity conduction is of the same order 


acceptor 
as well as the fact that the 
of magnitude* 1) for p- or n-type germanium as 
well as for n-type silicon,“ though the separation 
of the first excited level is considerably different in 
these cases, both tend to minimize this possibility. 

In view of the above, and the significantly lower 
impurity concentration of the samples reported 
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here, it would seem unreasonable to ascribe to 
band formation the conductivity that is experi- 
mentally observed. What is more appealing is a 
mechanism due to Mott,*) which is dependent on 
the presence of minority impurities. Mott con- 
siders the case when the density of donors is 
sufficiently low to preclude band formation, so that 
conductivity would be zero at zero temperature, 
but where compensating acceptors produce an 
equal number of positively ionized donors. ‘These 
act as “holes” or electron defects in the array of 
neutral donors which can, once thermally activated 
out of the coulomb field of the negatively charged 
acceptors, contribute to a net charge transport. 

On the simplest model, which assumes a low 
percentage of compensation, two energy states are 
available for the donor electron defect; it is either 
bound by the coulomb field of the charged acceptor 
in any one of g equivalent donor sites neighboring 
the acceptor and cannot contribute to conduction, 
or it is free of this coulomb field and may contribute 
to conduction. Impurity conduction would then 
depend directly on the density of compensating 
acceptors, as well as on the donor separation. 

The statistics of this model (see Appendix) may 
be examined For temperatures 
greater than «/k, where « is the binding energy of a 
donor defect to an acceptor and k is Boltzmann’s 


in two limits. 


constant, “‘extrinsic’”’ behavior would be expected 
and n, the density of defects contributing to im- 
purity conduction, would roughly equal N ,. In the 
limit of low temperatures, the situation would be 
analogous to the low temperature behavior of the 
conduction band carrier density for uncompensated 
germanium (cf. equation 4) when the carrier 
density varies with an activation energy equal to 
one half the donor ionization energy. The result 


for the density of donor defects is 


n =[Na(Np—gNa)exp(e/RT)/g}'”. (1) 


For comparison with experiment, « may be 
estimated to be the difference in coulomb energy 
between a donor defect beirig a nearest neighbor to 
an ionized acceptor and a donor defect half way 
between two acceptors. Then « = eK- (rp 
—2r ,~'), where r p and r, are the most probable 
donor and acceptor separation respectively, and K 
the dielectric constant of Ge. Using the values 
from Table 3, and the expression rp = 0-9 
( ?7N p)*'* for most probable separation of randomly 
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impurities, one has rp = 5:0 10-® 
cm, 7, =1-9x10-' cm, and ¢« ~ 1:3x10-eV 
for sample nWLL12-5. From equation (1) the 
experimentally observed activation energy should 
be e/2 =6°5x10-4eV. For nWLL12-5, the 
activation energy measured between 2°K and 
2°5°K is 8-5 x 10-4 eV. 

On the basis of the model being discussed, an 
additional estimate of the ratio of acceptor con- 
centration for sample nWLL12-5 to that for 
nWLB25-1 may be made. It should be noted that 
since the conduction band conductivity depends 
roughly on the inverse square of acceptor con- 
centration, whereas impurity conduction depends 


located 


on some positive power of acceptor concentration, 
the log p vs. T-! curves for these two sample with 
essentially the same N p and different N , should 
cross in the range of temperature for which the 
dominant contribution to the total conductivity 
shifts from conduction band to impurity conduc- 
tion. This crossing is seen very clearly in Fig. 2 
Actually, N p for sample nWLL12-5 is 10 per cent 
greater than for sample nWLB25-1. When the 
resistivity curves of Fig. 2 are corrected to the 
same value of N p, (in a manner to be subsequently 
discussed), the ratio of resistivities on the low 
temperature side is increased by 20 per cent. In 
Table 4, two values for the ratio of acceptor con- 
centration, obtained from impurity conduction data 
in the temperature range where the resistivity 
curve in Fig. 2 is concave upward, respectively on 
the assumptions of impurity conduction pro- 
portional to N , and to N ,, are tabulated. These 
two values, which correspond to the two limiting 
cases discussed above, are seen to bracket the data 
obtained from conduction band measurements. 
The impurity conduction results in Table 4 were 
actually calculated from the data taken near 
T-! = 0-30 reciprocal degrees so as to minimize 
the amount of necessary interpolation between ex- 
perimental points. 

By comparing the resistivity vs. 7-' curve for 
sample nWLL12-5, corrected for the extrapolated 
conduction band resistivity, with the function 
plotted in Fig. Al, it is possible to make a very 
rough estimate of gx. 


gu = gNa4/Np ~1 or 2x 107. (2) 


To calculate the drift mobility is difficult. 
ConweELL" has suggested that the mobility may 
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be estimated on the basis of a jumping time, Av, 
of an electron between two ionized donors. The 
jumping time is assumed to determine a diffusion 
constant, and with the aid of the Einstein relation, 
a mobility. To produce a conducting state and thus 
a physical basis for the Conwell model, it is neces- 


sary for the electron wave function to suffer a loss 
of phase after each jump, so that successive jumps 
are uncorrelated in direction. Morr ®) has sug- 
gested that zero point vibrations are probably 
instrumental in randomizing phase. 

On this basis, the mobility would be given by“, 


7 4(e/RT )r p? Av = 2:3 x 10-7 Ap. (3) 


The difference in energy between the symmetric 
and antisymmetric states for the electron bound to 
two ionized donors would equal hAv. A group at 
Bell Laboratories@®) has evaluated AAv (or the 
“transfer integral’) for donors in silicon using the 
properly symmetrized solutions of the effective 
mass equation. Extrapolating their results to an 
impurity concentration of 310! cm-%, and 
assuming this corresponds to a concentration 
~ 10 cm-* in germanium because of the larger 
impurity orbits, yields an energy corresponding to 
~ 0-25 gauss in their units or Av~ 10° secu. 
Substitution into equation (3) gives wp ~ 2 10-? 
cm2/volt sec. Combining this result with the ex- 
perimental value of resistivity for nWLL12-5 
measured at 3-3°K gives m = (peu)! = 2 10" 
cm-? ~ 0-1N ,, a reasonable result. 

A word needs to be said about the experimental 
variation of the donor defect mobility with donor 
concentration. From the data in ‘Table 3, it is seen 
that for samples nWLL12-5 and nWLB26-1, the 
values of N , are roughly equal, while r p is greater 
in the latter sample by a factor of about 2. The data 
of Fig. 2 show that the conductivity increase, 


corresponding to the decrease in r p by a factor of 
~ 2, is a factor ~ 140. Allowing for the change in 
defect density due to the change in N p and there- 
fore « as well, the defect mobility in nWLL12-5 
must be greater by the same factor of ~ 140. If is 
assumed proportional to exp(2r p/ry), where ro is 


some characteristic length, then ry = 200 A. The 
constant 7, may reasonably be expected to be re- 
lated to the extent of the donor ground state wave 
function.“ The result for r, is to be compared 
with 65 A, the value of the radius of the ground 


state donor wave function in the «111 5 direction .@° 
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as by using the experimental variation of 

defect mobility with donor separation that 

20 per cent correction in estimating the ratio of 

defect concentrations in nWLL12-5 and 
was determined. 

e all gives strong support for a model of 

ty conduction which depends not on band 

of 

are initially produced 

The 


gy, the mobility, and the depend- 


Dut on 


conduction by permutation 


mor 


resence ot compensating impurities. 


tor concentration Of impurity con- 


} 


V in qualitative agreement but 


with orde1 tude estimates of 


he basis of the model. 


3b) the 


field is due 


an increase 1n 
t the onset of 


Y (increase 


in the 
As the 


ts + ] + } + 
eiectron @ ipution., 


lectron energy increases, the mobility first 
scattering and 


luced ion 
l g with a 


creases ¢ 
| 


proportional 


vy)" be- 
.* By a 
en that, 


purer sample 


ilomb to lattice 


there is reason to believe 


] 1-4 1 afoens 
1 corresponds to a definite m 


glance it ap- 
variation for nWLL12-5 is 


] 


he other Sample. There is, 


ver, a large contribution to the total scatter- 
in nWLL12-5 from neutral impurities, which 


for nWLB26-1. 
mobility variation in nWLL12-5 and 


is not present If allowance is made 


for this, the 
nWLB26-1 becomes similar in magnitude. 
the 


l1isCussion Ol 


scattering 
tv has been given | S in an 
ta of RypE R The 


for the present work. 


se considera- 
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The increase in carrier concentration is believed 
to be due to a change in the relative rates of the 
various processes that determine the equilibrium 
conduction band carrier density. At the lower fields 
one need consider only the probability, A7, for 
thermal ionization and the probability Br for the 
inverse process. Ar is a function of lattice tem- 
perature alone, whereas By will be a function of 
both lattice temperature and electron energy. The 
carrier density in the conduction band, n, is given 


by the equilibrium condition 
Art N p—Na—n) 
Ar/Br=N 


n(Natn)Br; (4) 


whe re 


¢ 


exp(—e] kT) at zero. 


field, N 
band and e¢;, the donor ionization energy. The 
V_, holds for all the data discussed. 


is the density of states in the conduction 


condition n < 
If the reasonable assumption is made that B 7, the 
capture probability, decreases with increasing 
electron energy, then 2 should increase with in- 
creasing applied field. Studies, in progress, utilizing 
very fast pulse techniques, tend to substantiate the 
energy dependence of the recombination cross- 


sections. 
(c) Breakdown 
As the field increases, it becomes necessary to 


the ot 
major factor in determining the carrier concentra- 


consider process impact ionization as a 
tion in the conduction band. The large breakdown 
current is presumed to be due to carriers produced 
mainly by impact ionization. An estimate of the 
critical field be 


energy gained by the carriers from the applied field 


may obtained by equating the 
to the energy lost to the crystal lattice by collision, 
requiring that the 
electron energy in the distribution function f(e) 
energy. If it 1s 


simultaneously maximum 


equal the impurity ionization 


assumed that the only inelastic collisions are with 
phonons, and at the same time that scattering by 
both neutral though 


ionized and 


will lower the drift mobility and there- 


impurities 
elastic, 
fore the rate of energy gain from the field, the 


equation for energy balance is*) 
ms? 


kT 


- 


v[mv*—4kT | (5) 


Here actual conduction band drift 


mobility at the onset of breakdown, s the velocity of 


fm is the 
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sound in Ge, F the applied electric field and / the 
mean free path for electron-phonon collisions. ‘The 
deviation from unity of the ratio of drift to Hall 
mobility has been ignored in applying equation 
(5). The average is to be taken over the distribution 
function. 

Solutions for two limiting cases have been 
carried out, for a 5-function distribution, f(e) 
N,8(e—e,), and for a square distribution f(e) 
No, « €1; f(e) = 0, « > e7. Here N, and N, are 
appropriate normalization constants. ‘The theory 
for phonon scattering for hot electrons®*) shows 
that the distribution approximates a square one. 
The results are 


square: Eerit 
Ss €7 


kT 


-3| - | EJ 1 i 
MembLRT WU 


(LL » ML) 
VE mPL (6) 


6-function: Eerit 


| 


where py = el/(2merz)*. 


V (mL) 


Here , within a different numerical factor of 
order unity according to the distribution, is the 
theoretical lattice mobility for the hot distribution. 
The equations have been put in this form for 
comparison with the results of BursTEIN.@*) Since 
/ varies as T-! and «7 > kT, the explicit tempera- 
ture dependence in equation (6) cancels, and E.,;, 
depends on temperature only through p,,(7). 
Qualitatively, the data of Fig. 8 may thus be 
readily understood. The value of z,,, does increase 
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with T for the three Sb doped samples, which, by 
equation (6), means the critical field should in- 
crease with decreasing temperature. The range of 
temperature for which data have been taken where 
impurity conduction does not cause the measured 
mobility to be significantly different from that of 
the conduction band alone is too small to permit 
any quantitative comparison of equation (2) with 
the data for any one sample. It is expected, how- 
ever, that as one goes to purer samples and higher 
temperatures, so that y,, approaches 1 ,, dE.,;, /dT 
will become positive. 
However, by comparing the data for several 
samples, the validity of the assumptions and ap- 
proximations used in deriving the equations may 
be investigated. ‘Table 5 lists values of ,, for the 
three samples, and the associated critical fields. 
The samples are tabulated in order of increasing 
purity. If the assumptions of equations 5 and 6 are 
correct, the value of p,, (E,,;,.)? should be in- 
dependent of sample and This 
quantity is found to be by no means constant, and is 


m 


rit 
temperat ure. 


seen, in fact, to decrease with increasing sample 
purity. As suggested by the last column in Table 5 
the quantity y,,/.,; is more nearly constant. 
This suggests that there are losses in scattering in 


addition to those due to lattice scattering in equa- 
tion (5), and moreover that the losses are pro- 
portional to the total scattering regardless of its 
nature. This follows from the fact that samples 
nWLL12-5 and nWLB25-1 have the same donor 
concentration but differ 
centers by a factor of ~ 1-8, whereas samples 
nWLL12-5 and nWLB26-1 have the same density 


of ionized impurities but differ by a factor of ~ 10 


in ionized scattering 


in neutral scattering centers. It would seem that a 
theoretical investigation of the losses in impurity 
scattering, both neutral and ionic, is in order. 


Table 5. Critical breakdown field and Hall mobility measured at the onset of 
breakdown 


Eerit 


Sample cari 


volts 


6°83 x 10! 


cm2?/volt sec 
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Appendix: Statistics of the Mott Model 
tical thermodyna- 
impurity complex: 
1 of the 
hile themselves all 
D>, or 
< 


set of JV 


N p donors into 
*“donor 
{ donor 
N p donor sites, so that there are 
possible configurations of donor 
, of donor sites neigh- 

sites at which the 


esse d bi 


energy of a defect state at any of the Np 


tate is depr a fixed amount, 


‘*free’’) sites; (d) not more than one ata 


associated with any one A~ atom 


, 1 
a defect state; (e) the defects at 


sites do not contribute to the conductivity, which 


1al to the number of defects at ‘‘free’’ sites 


lis discussed here without any commitment to 


tions (c) and (d), in particular, stand in place 


»f coulomb forces, which is to cluster defects 


force weakened by mutual shielding, 


about an A~ atom 


The number of trap sites and the number of free sites 


respective 


are I 


N p—gNa. (Al) 


r of defects sites, and the 


respectively. 


Na. (A2) 


Ny +N» 


hemical potential of defect state, measured 


to its energy at a free site, is # then 


+1]. (A3) 


n, = N,/[exp{ — 


* kT 


Also, as a consequence of assumptions (c) and (d), 


ny N, [exp 


AND G. 


R. GUNTHER-MOHR 


By combining eqs. (A3) and (A4) we have 
Np 
—1 
No 
where 


exp(—e/RT). 


By eliminating , between (A2) and (A5) we obtain an 
equation for m, 1n terms of 2. It is convenient to express 
this as an equation for 


ng|(No+Na) 


in terms of 


the parameter 








io> 1io-* lo! | 10 


Fic. Al. The relation given by equation (A6). 


Thus v/« is a universal function of x/«. This function is 


Fig. Al. In the 


shown, plotted on a log-log scale, in 
limits of small and large x/x we have 


Nz, so that 


(A8) 


We are interested in conditions where N 4 
No om vN Dy, & = Na N D <K Bs 


and where x ~ z/g. Then Fig. A1 is virtually a plot of 
In ng versus -1/T and hence, if we suppose o proportional 
to m, in the impurity range, Fig. Al when viewed upside 
down corresponds to the right side of the curve of In p 
versus 1/T in Fig. 2. By (A7) and (A8), for the conditions 





LOW TEMPERATURE ELECTRICAL CONDUCTIVITY OF n-TYPE GERMANIUM 283 


of the data in Fig. 2 we have, according to the present 
model, 


Ny &(N pNa2/g)'t, = <Na/Np; 
ng Na, 2 >Na/Np. 


(A9) 


The above results have a somewhat more general 
applicability than their derivation here indicates. If the 
state of the loosely bound electron of a neutral donor 
atom is degenerate then, provided this degeneracy is the 
same at both trap and free sites, and provided only one 
at a time of these degenerate states may be occupied by 
an electron, the results above still hold without any 
modification (only, as it is defined by (A3) and (A4), ¢ 
would no longer be precisely the chemical potential). 
The treatment of the problem may be made more realistic 
by taking into account the possibility of simultaneous 
occupation of two, three, .. . etc., of the trap sites neigh- 
boring any one acceptor ion, in place of assumption (d), 
but allowing for the decrease in average binding energy 
per defect with increasing number of traps simultane- 
ously occupied. It may then be shown, subject to plau- 
sibly inferred characteristics of this variation of the 
binding energy, that only double (and no higher) oc- 
cupancy has any appreciable effect on m2, and that double 
occupancy should appreciably affect n, only at very low 
temperatures . . . where nm, will be completely determined 
by the binding energy for two (rather than for one) 
defects. Quite different (and physically incorrect) results 
are obtained if one allows any number up to all of the 
traps around an acceptor ion to be occupied by defects, 
and assumes that the binding energy per defect is in- 
dependent of this number. The reason for the result for 
this case being altogether different from that given by 
(A6), and in particular by the first of (A9), is that, at 
temperatures where the average number occupying an 
acceptor neighborhood approximates one, the fluctuation 
in the number is large in this case. 
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ated differential thermal analysis (DTA) apparatus has been developed 
D'T'A method up to temperatures of 3000°C and above. The apparatus 
the Ge-GeO, phase diagram. No evidence for GeO solid was found. 


itectic type with a miscibility gap for the liquids 


1. INTRODUCTION 


ventional DTA apparatus with platinum 


ed to a top safe temperature of 


about 1350 to 1400°C. A DTA apparatus that uses 


ating would allow the temperature 


be extended to above 3000°C. EASTMAN, 


3ROMLEY, GILLES, and LOFGREN“) have 


inductively heated tungsten apparatus 


ling curve temperature determinations 


an optical pyrometer to determine 


g points of cerium sulfides at temperatures 
up to 2500°C. The use of the DTA technique 

should considerably 
the sensitivity of such measurements. 


ouples are now aval able that 


are sup- 


calibrations up to 2500°C.®) 
| 


nore refractory thermocouples which do not 


ir calibrations can be used to higher 
ratures as the absolute temperature is often 
important as relative 
r DTA 

hite thermocouple might be 


3000°C. One 


temperature 
TaC- 
usable to well 


studies. Thus a 
might also consider the use of 
two optic 


high 


al pyrometers for DTA studies at very 
temperatures. Also electron bombardment 
be used as the source of heating. 

The immediate application for this apparatus 
was to be a DTA study of the Si-SiO, system to 


* Present address: Department of Chemistry, Univer- 
sity of Illinois, Urbana, Illinois 


well above 


1400°C. The 


important part of the temperature range to be 


temperatures most 
studied would probably be above the range of 
conventional equipment on hand. The present 
paper described the testing of the equipment by a 
study of the Ge-GeO, system which could be 
checked by conventional D'TA equipment. 


1. EXPERIMENTAL 

The apparatus consisted of a molybdenum block 
heating element with two holes for the silica glass 
capsules. One capsule held alumina as a reference 
material and the other capsule held Ge-GeQ, 
mixtures. All samples were sealed in the capsules 
because of the high vapor pressure of GeO gas. 
Thermocouple wells were pushed into the sides 
of the capsules. The Pt-PtRh thermocouples were 
protected by alumina insulators. The molyb- 
block 


radiation shields were placed in a zircon crucible 


denum and its insulating molybdenum 
and heated in argon atmosphere or in vacuo, in 
type 
and 
An Ajax mercury spark gap con- 


induction furnace of the 
BREWER, BROMLEY, GILLES, 


a pyrex glass 
described by 
LOFGREN. )* 
vertert with sufficient inductance to operate at 
10 to 15 ke was used as a power source. The two 


Declassified Document MDDC-367, 


USA. 
Oct. 1, 1946 


t Ajax Electrothermic Corporation, Ajax Park, 


Trenton 5, N.J. 
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STUDY OF Ge-GeO, SYSTEM BY 
thermocouples were combined in the usual DTA 
circuit and the temperature difference recorded. 
A sample of 25 mole % GeO, (hexagonal) 
adsorbed heat upon heating at 890°, 950°, and 
1000°C and evolved heat upon cooling only at 
850°C. At 50 mole °% GeO,, heat absorption was 
observed at 865°, 925°, and 980°C and _ heat 
evolution at 870°C. At 25 mole °% GeO, heat 
absorption was observed at 865°C with a small 
heat effect at 920°, but upon cooling from 1350°C. 
no heat effects were observed. A sample of 89 
mole °%, GeQ, also supercooled and gave no heat 
effects cooling. X-ray examination of 
supercooled melts gave no crystalline patterns. 
The first heat effect at 870°+-20°C observed 
across the entire diagram is clearly the eutectic 


upon 


temperature, in good agreement with CANDIDUS 
and ‘Tuomi and ‘THURMOND and ‘'TRUMBORE“) 
(for Ge-GeO, hexagonal). The break 
corresponds to the melting point of germanium 
or the monotectic temperature. The third break 
at around 1000°C for some samples may be due 


second 


to miscibility of the two liquid phases but is 
probably due to inhomogeneity of the samples. 
Supercooling and difficulty of maintaining contact 
between the thermocouple well and the sintered 
material made accurate temperature measurements 
difficult. Also cycling of samples caused extensive 
segregation into metallic and oxide phases owing 
to their density difference, and best results were 
obtained on the first heating cycle with well-mixed 
powders. 

Holding of an 89 mole 
920°C for four hours resulted in conversion of 
hexagonal GeO, to tetragonal GeO, plus some 
supercooled liquid. Samples of 89 mole °% GeO, 


°% GeO, sample at 


INDUCTIVELY 
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were heated to 1350°C using hexagonal GeO, on 
one hand and tetragonal GeO, on the other. The 
hexagonal sample gave one break at 833°C, the 
tetragonal sample gave only one break at 920°C, 
and neither sample gave any breaks upon cooling. 
Both samples yielded a black Ge-rich phase and a 
yellow amorphous GeO, phase. These results 
confirm 'THURMOND and ‘TRUMBORE’s conclusions 
about a higher eutectic temperature for the 
Ge-GeO, (tetragonal) system than for the system 
with the hexagonal oxide phase. No evidence for 
a GeO phase is found, and the system is thus of 
the eutectic type with a miscibility gap for the 


liquids. 
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Abstract 


$10 solid must 


BREWER and Epwarps") have reviewed the pro- 
SiO and have demonstrated that SiO 
thermodynamically unstable at 
900°C, although it can 


perties of 
solid must be 
all temperatures below 
exist as a metastable phase at low temperatures. 
2S5i0(s), they 


For the reaction Si(s)+-Si0O,(s) 
slightly 


AH 


would be expected to be 


concluded that might be 
positive and that AS 


positive at high temperatures. Thus AF° would be 


nave 


expec ted to become less positiv e as the temperature 
is increased and SiO(s) might become stable with 
respect to disproportionation at some temperature 
al However at 1415°C, the melting 
point of silicon, AH° and AS° would surely 
negative due to the high heat of fusion 


ive IOO"C. 
become 
of silicon and any further increase in temperature 
would cause AF” to positive. 
Therefore if there is to be any temperature range 
the solid SiO 


below 1415°C. 


become more 


of thermodynamic stability for 


f 
phase, it must become stable 
Hocu and JoHNsTON®) have presented evidence 
for an X-ray pattern of SiO at high temperatures, 
but GELLER and THURMOND®) have pointed out 


used in the samples 


that the cement 
would form silicon carbide and that the observed 
X-ray pattern is that to be expected for a mixture 


there is no 


organic 


of SiC and Thus 


3-crystobalite. 


thesis submitted by 
sfaction of the require- 
Science in chemistry 
resent address: Dept of 


Madison, Wis- 


isconsin 


An inductively heated differential thermal analysis apparatus has been used to demon- 
that SiO, does not react with silicon to form SiO solid at the melting point of silicon. Thus 


be thermodynamically unstable at all temperatures. 


clear evidence for the stable existence of a solid 
SiO phase in the range 900 to 1415°C. 

In the present study, an inductively heated 
differential thermal analysis apparatus“ has been 
used to investigate the Si-SiO, system. If SiO 
were to form upon heating a mixture of Si and 
SiO,, the heat effect would be expected to be too 
small to observe. However, if an excess of silica 
were present, all of the silicon would be consumed 
if SiO were to form and no heat effect would be 
expected at the melting point of silicon. On the 
other hand, if no reaction between Si and SiO, 
took place to form SiO, the large heat of fusion 
of silicon would be easily detected at 1415°C. 


EXPERIMENTAL 


The differential thermal analysis (DTA) apparatus 
BREWER and ZAvITSANOsS") was used for 
The experimental procedures were 
BREWER and ZAVITSANOs for 


described by 
most of this study 
the same as described by 
their study of the Ge-GeO, system. 
obtained 
Union 
indicated a 


from the Electro 
Carbide 


purity 


used was 


Division of the 


The silicon 
Metallurgical 
Carbon Co 

of better than 99-9 per cent. The «-quartz form of silica 
stable form of silica 


and 


Spectroscopic analysis 


was used because it is the least 


and thus would 
driving force. 


Mg and 


The silica was degassed 


in the temperature range of interest 
thermodynamic 


and 0-1 per cent 


furnish the greatest 
It contained between 0-01 
between 0-1 and 1 per cent. Al 
at low pressure at 800°C. A 200 mesh mixture with an 
2 was used in all runs. 

S10 gas in 


over-all composition SiO, 
Because of the high 
equilibrium with silicon and silica, the samples were 


vapor pressure ot 


sealed in silica glass capsules with thermocouple wells 


pushed in the sides of the capsules. The thermocouple 
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wires had to be of large enough diameter to prevent easy 
breaking of the wire. To maintain thermal contact, the 
thermocouple junction was either wedged in the well 
by a piece of ceramic material or fused into the well with 
pyrex glass. To insure thermal contact between the 
sample and the thermocouple well, it was necessary to 
make the thermocouple well slightly cooler than the 
rest of the capsule to insure sintering of the sample 
against the thermocouple well. Because of devitrification 
of the capsules and segregation of the silicon and silica, 
the samples were used only once. The maximum tem- 
perature of the runs was 1500°C. 

A blank run with 0:25 grams silicon gave a good ther- 
mal break both on heating and cooling near 1400°C. 
Mixtures of 0:25 grams silicon with a 50 mole percent 
excess of silica were heated at a rate of over 100 degrees 
per minute and at a rate of ten to twenty degrees per 
minute near the melting point of silicon. Both types of 
runs gave sharp breaks on heating and cooling with 
about the same area as for the blank. In a third type of 
experiment, the sample was maintained just below the 
melting point of silicon for fifteen minutes before the 
heating and cooling curves were taken. The same breaks 
as previously were observed. As noted above, the sample 
tends to migrate in a temperature gradient due to the 
high SiO pressure. To confirm that the Si and SiO, 
had maintained sufficiently good contact to undergo 
reaction if a reaction were possible, a fourth type of 
experiment was done in which the end of the capsule 
protruded from the molybdenum block to insure a 
temperature gradient. From 1/3 to 1/2 of the material 
transferred to the cooler end of the capsule. 

To check the results obtained with the inductively 
heated DTA apparatus, similar capsules were checked on 
a conventional platinum wound DTA apparatus to 
just above the melting point of silicon. The thermal 
breaks previously obtained confirmed. X-ray 
examination of the samples showed the presence of 
a-quartz and silicon. Under the microscope drops of 
silicon could be seen. The surface of the quartz crystals 


were 


appeared to have darkened. 


DISCUSSION OF RESULTS 

The observation of the heat of fusion of silicon 
in samples with excess silica demonstrates that the 
silicon did not react with the silica to form SiO. 
We know that the 5i0 solid phase formed by the 
quenching of SiO gas decomposes rapidly to Si 
and SiO, at much lower temperatures. ‘Therefore, 
we can assume that SiO solid would have formed 
rapidly from Si and SiO, if it were thermodynami- 
cally stable and if there were adequate contact 
between the phases. Adequate contact was ob- 
tained by grinding the materials together and was 
demonstrated by the experiment with the tem- 
perature gradient. In that experiment, the reaction 
between Si and SiO, to form SiO gas was carried 


out to a very large extent because of the removal 
of the SiO at the cooler end of the capsule where 
it disproportionated to Si and SiO,. Thus it is 
clear that the Si and SiO, can react when a reaction 
is thermodynamically possible, but they did not 
react to form solid SiO. 

One might argue that this experiment does not 
exclude the possibility of a stable SiO solid phase 
that might form at a very slow rate from either 
Si plus SiO, or from SiO gas. No reliable evidence 
for any SiO phase other than the one obtained 
by quenching SiO gas is known, and the com- 
parison to be made below with related elements 
makes such a possibility quite unlikely. An 
alternate explanation of our observations is that 
SiO solid did form, but that the melting point 
and heat of fusion of SiO coincide with those for 
silicon. This is likewise a very unlikely possibility. 

BREWER and Epwarps) have discussed two 
observations that indicated a reaction between Si 
and SiO,. One of these was the apparently high 
melting point of a mixture of Si and SiO, that was 
reported by PotTer™) and confirmed by BREWER 
and Epwarps. The other is the “thermo-electric”’ 
effect reported by BREWER and Epwarps. In view 
of the DTA observations, any explanation of these 
effects by a reaction between Si and SiO, must be 
in terms of reduced oxide that would not require 
consumption of any appreciable amount of silicon, 
e.g., SiO,.9;. EwLEs and YouELL®) have shown that 
SiO, is reduced to SiO,.9, by hydrogen at 750°C. 
Molten silica would be expected to be reduced 
even more. Thus one could attribute the apparent 
high melting point of the Si and SiO, mixture to 
an increase in the viscosity of liquid silica upon 
slight reduction. The ‘thermoelectric’ effect 
would likewise be attributed to the effect of reduc- 
tion upon the electrical properties. It will be 
necessary to study samples of silica containing 
small amounts of silicon to verify the above 
explanations. It might be noted that one attempt 
to reproduce the “thermal-electric” effect ob- 
served by BREWER and Epwarps using the very 
pure silicon that is now available was not success- 
ful. It may be that the effect is to be attributed 
to impurities in the silicon. However, only a 


cursory attempt was made and a more careful 
study will have to be made. The Si-SiO, phase 


diagram thus has no intermediate solid phases 


and the two liquid phases are only slightly soluble 





LEO BREWER AND 
-- Our results would indicate a slight 


melting of silicon upon 
but one would have to insure 
with Si with 
Si-510 samp s to be sure of this effect. We can 


and 


point 


111Ca, 


nparable thermal contacts and 
the lowering is less than 10-20 


h less. 

n conclusion, the DTA observations show that 
SiO solid prepared by the quenching of SiO 
s metastable and has no temperature range of 
odynamic stability. This is exactly analogous 
lid prepared by the condensation of CO 

is unstable with respect to graphite 

» at all temperatures. BREWER and 

sanos() have reviewed the data that demon- 
that GeO solid is likewise metastable and 
MEYER“ 
SnO solid is thermodynamically un- 


UW and 


have recently demon- 


t all temperatures. ‘Thus in the fourth group 


dic table from carbon to lead, all of the 
gaseous MO 


solid of the com- 


a stable molecule 
rms a stable 
he fourth sub-group, the stability 
but the 
Cho 


as pure 


ll established, 


ZrO 


ii ] + 
uly unstable at 


available 


indicate that and solids 


least 
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THE MAGNETIC STRUCTURE OF Mn,Sb 
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Abstract—Neutron diffraction investigations on single crystals and powdered samples of Mn,Sb 
have determined the magnetic structure of this compound. The ferrimagnetic structure predicted 
by GuILLAuD was confirmed except for the exact values of the individual atomic moments of the 
manganese atoms. Values of +2°13-0-20 ug and —3-87+0-40 ya were obtained for the magnetic 
moments of the Mn atoms on the two sublattices from single crystal investigations, and these 
experimental values satisfactorily explain the scattering from powdered samples at temperatures 
from 78°K to about 800°K. Results from previous macroscopic magnetic experiments are also 
consistent with these values of the atomic magnetic moments. 


INTRODUCTION 


THE compound, Mn,Sb, has been found to possess 
unusual magnetic properties which have been the 
subject of considerable investigation. The crystal 
structure of Mn,Sb was determined by HALLA 
and Nowotny") to be tetragonal with two mole- 
cules in a unit cell of lattice constants c = 6-56A 
and a = 4-08A. The manganese atoms are located 
at positions with co-ordinates (0, 0, 0); (4, 4, 0); 
(0, 4, 2Z,); (4,90, Z,), while the antimony co- 
ordinates are (0,4, Z,) and (4,0, Z,). Values 
obtained for the parameters in these early measure- 
ments were Z,=0-27 and Z, = —0-30, but 
neutron diffraction results®) disclosed evidence 
that these values might be in error. Recent results 
by both neutron diffraction and X-ray diffraction 
have confirmed these errors and established new 
values for the parameters. An X-ray investigation 
by Heaton and GincrRIcH®) which included 17 
orders of reflection from the (00/) planes of a 
large single crystal found Z, to be 0-295 and Z, to 
be —0Q-280, while neutron data taken for nine 
orders of (00/) reflections gave values of 0-293 
and —0-279 for Z, and Z, in excellent agreement 
with the X-ray measurements. It should also be 
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stated that weak anomalous reflections at or near 
the (100) and (300) positions which were reported 
in the X-ray investigation by HEATON and GING- 
RICH have been observed in the neutron scattering 
from the (00) planes of a single crystal. The 
origin of these reflections, which should be 
absent if the structure is described by the above 
two parameters, is not understood. 

The first indication of the unusual magnetic 
properties of Mn,Sb was found in the measure- 
ments of GuILLAuD,“) who predicted that this 
material is ferrimagnetic below the Curie point, 
T., of 550°K. His measurements of the spon- 
taneous magnetization at low temperatures deter- 
mined the saturation atomic magnetic moment 
to be 0-936 Bohr magnetons per manganese 
atom, and this value decreased abnormally rapidly 
with increasing temperature. As an explanation of 
these results, GUILLAUD suggested that the two 
types of manganese atoms present in the unit 
cell would be in different magnetic states. One 
type of atom, Mn(II), located at co-ordinates 
(0, 4, Z,) and (4,0, Z,) would be in the 3454s? 
electronic state, while the other Mn co-ordinates 
would be filled with Mn(I) atoms consisting of a 
temperature-dependent mixture of manganese 
atoms in the 3d’ and 3d*4s electronic states. Both 
groups of magnetic ions would be spontaneously 
magnetized below 7’, but in opposite directions. 
This model satisfactorily accounted for the 
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non-integral value of the saturation moment and also 
the temperature variation of the spontaneous mag- 
netization. Furthermore, it explained qualitatively 
the unusual temperature behavior of the inverse 
magnetic susceptibility measured by Serres.) 
However, in 1948, NEEL developed the molecular 
treatment of ferrimagnetism which predicted 

that the magnetization of the two sublattices of a 
errimagnetic material could have quite different 
variations with temperature. This theory satis- 
factorily explained the unusual temperature varia- 
n of the net spontaneous magnetization and the 
inverse susceptibility of Mn,Sb without requiring 
hange the population of the electronic 
vith temperature. In fact, good quantitative 

the magnetic measurements was 

uined with the assumption that the manganese 
ms in the had 
magnetic moments of 5 Bohr magnetons and 3 


ayiicli 


two sublattices spin atomic 
Bohr magnetons, respectively, corresponding to 
GUILLAUD’s suggestion that the two kinds of Mn 
atoms were in 3d°4s? and 3d’ electronic states. The 
variation of the measured value of the saturation 
moment from unity was presumed to be due to a 
slight contribution from orbital magnetic moments 
or to an inequality in the numbers of the two types 
of manganese atoms. Measurements on single 
crystals of Mn,Sb by GUILLAUD, BERTRAND, and 
VAUTIER‘”) have shown that there is a change in 
240°K, 


moments are 


magnetization at 


the direction of 
Between 240°K and 7.., the atomic 
unit cell, while at 


easy 


directed along the c-axis of the 
240°K, 
of the uni 


temperatures Delow moments are 


i in the base I lane 
it 


yresents the magnetic structure of 
was predicted on the basis of the 
magnetic measurements which have 


lay 


just been reviewed. It was of interest to examine 
compound by neutron diffraction to deter- 

I ; 
» predicted magnetic model was correct. 


be th p Ww de re d samples 


material, and the results 


re made on 


investigations are qualitatively 


he ferrimagnetic. structure 


EXPERIMENTAL TECHNIQUES 


the course of these experiments, it was neces- 
he scattering characteristics of Mn,Sb 
78°K to about 800°K. The low 


temperature measurements were made with the samples 


temperatures trom 
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Mn,Sb by 
Suggested 


Magnetic structure proposed for 
measurements. 


Fic. 1. 

GUILLAUD from magnetic 

values of atomic magnetic moments were +3 wg for 
Mn(I) and —5 weg for Mn (II). 


enclosed in a double-jacketed vacuum cryostat at pres- 


sures below 10-* mm Hg, while the data at high tempera- 


tures were obtained in a vacuum furnace at pressures 


lower than 10-° mm Hg. Effects of extraneous scattered 


radiation were kept to a minimum by containing the 


powdered samples in cells made from vanadium or 


and by passing the neutron radiation 


radiation shields which were 


aluminum 
through windows in the 
also of thin vanadium and aluminum 

The single crystal specimens were cut from two large 
difterent samples of 
and antimony crystals (Crystal H) was 
obtained from Horizon’s, Inc., Cleveland, Ohio. The 
other crystal (Crystal 1) was grown at the University 
HEATON and GINGRICH was the 
same specimen which they used in the X-ray examina- 
30th large 


grown trom manganese 


“rictal 
crystais 


One of these 


of Missouri by and 


tion’®) of the crystal structure of Mn,Sb. 
crystals were irregular in shape with dimensions of the 
order of two centimeters. Quantitative chemical analyses 
stoichiometric within 


howed that the crystals were 


2 per cent, the accuracy of the analyses. The value of 
the net magnetic moment* at room temperature deter- 

* We wish to express our appreciation to Dr. B. COLEs 
and Dr. J. E. Go_tpMAN, Carnegia Institute of ‘Tech- 
nology, Pittsburgh, Pa., for making these measurements. 
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Fic. 2. Neutron diffraction patterns from powdered samples of Mn,Sb at an effective neutron 
wave length of 0:900A for three sample temperatures. 


mined from magnetization experiments on a specimen 
cut from Crystal M was found to agree within 2 per 
cent with GUILLAUD’s value for the exact composition 
Mn,Sb. According to GUILLAUD’s measurements of 
the change in net magnetic moment with composition, 
this agreement would imply that the chemical 
composition of our sample and that of GuUILLAUD were 
the same within 4 per cent. The specimens which were 
used in the neutron diffraction experiments were cut in 
the form of small pillars about 4 inch in length with 
approximately square cross-sections which varied from 
about 1 mm to 3 mm on a side. 

In the experiments with single crystals it was neces- 
sary to examine the scattering from the samples when 
they were placed in an external magnetic field. An 
electromagnet was designed for these experiments in 
which the small pillars could be mounted either per- 
pendicular or parallel to the plane of scattering, and a 
magnetic field could be applied along the axis of the 
pillar. The magnet was capable of producing a magnetic 
field of 9000 oersteds across a gap of % inch, and this 
field was found to be sufficient to align the atomic 
magnetic moments along all of the crystallographic 
directions which were studied. 


EXPERIMENTAL RESULTS 


Results from Powdered Samples 

The initial neutron diffraction investigations 
were performed on powdered samples of Mn,Sb 
contained in thin-walled cells of aluminum or 
vanadium at various temperatures from 78°K to 
about 800°K. Fig. 2 shows powder patterns which 
were obtained with an effective neutron wave 
length of 0-900A for sample temperatures of 
295°K and 771°K, and the insert shows a portion 
of the diffraction pattern around the (001) reflec- 
tion which was obtained at 78°K. Since the Curie 
transition in Mn,Sb occurs at 550°K, the diffrac- 
tion peaks at 771°K contained only a nuclear 
scattering contribution, while those at 295°K 
resulted from both nuclear and magnetic scatter- 
ing. A comparison of the two patterns allowed a 
determination of the coherent magnetic scattering 
at 295°K, and this scattering was found to confirm 
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Diffuse scattering from Mn,Sb powder at several sample temperatures 
for 


SHULL 


— CALCULATED DIFFUSE SCATTERING 


ABOVE 7% FOR MODEL 
PROPOSED BY GUILLAUD 


The 


atomic magnetic moment values of 


3 wp and 5 ws as suggested by GUILLAUD. 


qualitatively GUILLAUD’s proposed magnetic model. 


Specifically, confirmation was obtained of the 


ferrimagnetic arrangement of the atomic magnetic 

10ments located at the manganese positions, and 
the manganese atoms designated as Mn(II) were 
found to possess moments larger than those of 
the Mn(I) atoms. Furthermore, as shown by the 
intensity change in the (001) reflection at 78°K, the 
directions of the magnetic moments changed at 
some temperature between 295°K and 78°K from 
along the c-axis to within the base plane of the 
unit cell, without affecting the antiparallel orien- 
tation of the moments. However, while qualitative 
confirmation was obtained for GuILLAUD’s model, 
the reflections did not confirm the suggested values 
of the atomic magnetic moments. The data at 
295°K were not conclusive in suggesting other 
78°K data required that both types 


1 


nave 


values, but the 
of manganese atoms magnetic moments 
which were smaller than those predicted. 

Analyses were also made of the diffuse scattering 
in the powder diffraction patterns. In addition to 
the decrease in coherent scattering at 771°K com- 
pared to that at 295°K, it is seen that there is a 


pronounced increase in the diffuse background 


which was caused by the presence of paramagnetic 
scattering. Observations were made of this diffuse 
background as a function of temperature, and 
Fig. 3 shows the results at the various tempera- 
tures after they were converted to differential 
scattering cross-sections. ‘These curves have been 
corrected for instrumental background and for 
thermal diffuse scattering using the Debye theory 
of independent oscillators for a characteristic tem- 
perature of 290°. The curve at 78°K indicates 
the presence of very little disorder 
scattering, a result that would be expected from 


magnetic 


GUILLAUD’s magnetic measurements which show 
that at 78°K the net magnetization is over 98 per 
cent of its value at absolute zero. As the tempera- 
ture of the sample was increased and the sub- 
lattices became less saturated magnetically, the 
intensity of the diffuse scattering increased with 
the disorder in the of the atomic 
moments. It is interesting that the data at 596°K, 
less than 50 degrees above 7'., show no indication 
of short-range order. Instead, this curve has an 
angular dependence which is quite comparable 
with the magnetic form factor that has been 
observed previously: ®) for the divalent manganese 


alignment 
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ion. Furthermore, the similarity of the data at 
596°K and 771°K indicates that all of the para- 
magnetic scattering is present in the diffraction 
patterns at these temperatures. 

For comparison with the experimental data, 2 
curve showing the expected diffuse scattering in 
the paramagnetic region for the model proposed 
by GUILLAUD is also shown in Fig. 3. This cal- 
culated curve represents the sum of the S? term 
in the expression for the differential scattering 
cross-section for a paramagnetic atom ® and the 
experimental data at 78°K. While this method 
of calculation is an approximation, it appeared 
to be the best method for obtaining a curve which 
could be compared with the diffuse scattering 
at high temperatures. It is immediately obvious 
that the calculated curve for the diffuse scattering 
above 7, is much higher than that actually 
obtained from these experiments. Hence, both 
the coherent scattering and the diffuse scattering 
in the powder diffraction patterns suggest values 
for the atomic magnetic moments of the man- 
ganese atoms which are lower than those of the 
proposed model. Attempts were made to extract 
the actual values of the magnetic scattering ampli- 
tudes and the corresponding atomic magnetic 
moments from the powder data, but the com- 
plexity of the patterns and the difficulties of the 
analysis did not permit an unambiguous deter- 
mination. 


Results from Single Crystals 
Room temperature measurements in electromagnet 

The single crystal specimens were cut in the 
form of pillars with the orientation of the pillars 
chosen with respect to various crystal planes so 
that scattering data could be obtained from those 
reflections which have important magnetic com- 
ponents. The specimens were mounted in the 
gap of the electromagnet and data at room tem- 
perature were obtained with the samples both 
magnetized and unmagnetized. 

As derived by HALPERN and JouHnson,“® the 
diffracted intensity in a Bragg reflection is pro- 
portional to the differential scattering cross- 
section which for incident unpolarized neutrons 
is given by 


F? = ? + @? p? 


in which 6 and p are the nuclear and magnetic 


structure amplitudes, and 
qg=1—(e-k) 


where @ is the unit scattering vector and k is a 
unit vector parallel to the atomic magnetic 
moment. Hence, as shown experimentally by 
SHULL, WOLLAN, and KogHter,“) the amount 
of magnetic scattering in reflections from a 
material with a net spontaneous magnetization 
can be varied by the application of an external 
magnetic field of sufficient strength to orient the 
magnetic domains. In the experiments with 
single crystals of Mn,Sb, the magnetic field was 
always applied in the direction relative to the 
scattering vector which would give the largest 
change in intensity from that of the unmagnetized 
sample for the particular reflection under in- 
vestigation. 

The diffraction patterns shown in Figs. 4 and 5 
are typical of those which were obtained in these 
experiments. For the (00/) reflections shown in 
Fig. 4, there was no magnetic contribution in 
the reflections of the unmagnetized sample, since 
at 295°K the atomic moments are aligned along 
the c-axis of the unit cell. However, when the 
crystal was magnetized perpendicular to the c-axis 
and perpendicular to the scattering vector, the 
entire magnetic scattering allowed by the structure 
factors was present in the diffraction peaks. Con- 
versely, as shown in Fig. 5, for the (hh0) reflec- 
tions, the entire magnetic scattering amplitude 
was present in the coherent scattering from the 
unmagnetized sample, and this magnetic scatter- 
ing was reduced to zero when the crystal was 
magnetized parallel to the scattering vector. 
Similar data were taken for all the important 
magnetic reflections, and a comparison of the 
patterns taken with the samples magnetized and 
unmagnetized allowed a direct determination of 
the magnetic scattering in each reflection. It was 
necessary to know if an external magnetic field 
of 9000 oersteds was sufficient to align the atomic 
moments in the direction of the field, and, con- 
sequently, the intensities of the reflections were 
studied as a function of the magnetic field pro- 
duced in the gap of the electromagnetic. ‘The data 
shown in Fig. 6 for the (110) reflection represent 
typical results for this investigation. While the 
exact field required to swing the magnetic moments 
may have been slightly different for the various 





K. WILKINSON, N. S. GINGRICH, AND C. G. SHULL 


MAGNETIZED PERPENDICULAR TO C-AXIS AND 
PERPENDICULAR TO SCATTERING VECTOR 


* ¢$¢ 


¢ A 
Nd a , I  , emnennanee”” hs 


n patterns of the (00/) single-crystal reflections from 


Mn,Sb 

















ANGIE ({d 
YSTA ANGLE e 


n patterns of the (hh0) single-crystal reflections from 
Mn,Sb. 








THE MAGNETIC STRUCTURE OF Mn,Sb 


6000 


(neutrons/min) 


INTENSITY 


(410) PEAK 


Fic. 6. Magnetic structure amplitudes of the magnetic reflections 

from Mn,Sb plotted as a function of the magnetic scattering 

amplitudes of the two manganese atoms. Solid lines represent 

data on specimens cut from Crystal H, and dotted lines represent 
data on specimens cut from Crystal M. 


reflections, a field of about 5000 oersteds was 
required to reach approximate saturation in each 
case, 

The single crystal measurements were consistent 
with the powder diffraction data in a qualitative 
confirmation of GUILLAUD’s model. Furthermore, 
an examination of a series of (00/) reflections 
showed that the direction of the atomic moments 
at room temperature could not be more than a 
few degrees from the c-axis. With confirmation 
of the model, it was then possible to use the single 
crystal reflectivities to refine the moment values. 
For this magnetic model, an expression was known 
for the magnetic structure amplitude, p, for each 
reflection in terms of the two magnetic scattering 
amplitudes, Pygnct) ANd Pyncty, for the two types 
of manganese atoms. Furthermore, the nuclear 
structure amplitude for each reflection was readily 


calculable from known nuclear scattering data of 


manganese and antimony. The magnetic neutron 


diffraction data from the single crystals were 
therefore effectively normalized by a direct com- 
parison of the ratio of magnetic scattering to 
nuclear scattering experimentally determined for 
each reflection to that calculated 
assuming that the intensities were proportional 
to the squares of the structure amplitudes. This 


which was 


comparison gave an expression for the magnetic 


structure amplitude of each reflection as a func- 
tion of Pygacy) ANd Pyar) by a method which 
eliminated geometrical considerations of the shapes 
of the pillars. Most of the reflections were studied 
with at least two pillars which varied in thickness 
by a factor of three, and the expressions obtained 
for the magnetic structure amplitudes of these 
reflections were indistinguishable. These results 
show that the mosaic spread in the crystals was 
make extinction 
calculation of 
values 


sufficiently large to effects 
negligible. In fact, a 
effects for 


possible 


extinction reasonable of the 
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mosaic spread shows that they are negligibly 
small because of the low absolute reflectivities of 
the reflections which have been studied. 

Since the magnetic structure amplitudes for the 
various reflections contained a form factor varia- 
tion, it was necessary to refer them to zero scatter- 
ing angle before a determination could be made 
of the individual values for pyj,,7) and Pygpcry- 
This required a knowledge of the form factor for 
Mn,Sb, and this doubt, an 
iterative process was required. For the first 


since was also in 
approximation, the magnetic form factor suggested 
by Erickson) for the divalent manganese ion 
was used, and only the (001), (002), (110), and 
(111) reflections were considered. These reflec- 
tions had reasonably large magnetic contributions 
and occurred in a range of (sin@)/A where the 
various experimental and theoretical form factors 
from the 3d electrons were in 
satisfactory agreement. The values of p)4,,;) and 
obtained from this analysis were then 


for scattering 


Punt 


MEASUREMENTS 


used to calculate the magnetic form factor of each 
of the magnetic reflections of Mn,Sb that was 
measured. A smooth curve through these form 
factor values then represented a new average form 
factor from which new values of pPyjqy and 
Ponca could be determined using all the mag- 
netic reflections. This procedure was repeated 
until the values converged, and this convergence 
was found to be quite rapid. 

Fig. 7 is a graphical representation showing the 
final expressions which were obtained for the 
relationship between py4, 1) and pyc for each 
of the reflections which was measured. The final 
magnetic amplitude form factor curve obtained for 
the magnetic manganese atoms in Mn,Sb is shown 
in Fig. 8. The data shown in these two figures are 


representative of many pillars cut from the original 
two large crystals. In Fig. 7, the solid lines repre- 
sent data on specimens cut from Crystal H, and 
dotted lines represent data on specimens cut from 
Crystal M, while this same distinction is made in 
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Fig. 8 by the solid points and open circles. It is 
significant that the data for specimens cut from 
two different crystals are in good agreement and 
give essentially the same values of the form factor 
and magnetic scattering amplitudes. The final 
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Fic. 8. Magnetic amplitude form factor for manganese 

atoms in Mn,Sb. The solid points represent data on 

specimens cut from Crystal H, and open circles represent 
data on specimens cut from Crystal M. 


form factor which best represents the Mn,Sb 
single crystal reflectivities can not be distinguished 
from that suggested by Erickson at values of 
(sin @)/A up to 0-26, while at higher angles, the 
Mn,Sb data predict larger values than those 
indicated by the previous experiments for divalent 
manganese. ‘The values of the magnetic scattering 
amplitudes at room temperature were determined 
to be pyar = +0-485-40-030 - 10-12 cm and 
Pony = —9-780-+0-060 - 10-12 cm. These val- 
ues agree within experimental error with those 
which would be predicted on the results of the 
magnetization measurements represented by the 


dashed line in Fig. 7. 


Low temperature measurements 

In order to determine the saturation atomic 
magnetic moments, it was necessary to know the 
degrees of magnetic saturation for the individual 
sublattices, since according to the NEEL theory of 


Fic. 9. Variation of the (001) peak intensity from Mn,Sb with temperature. The 
absolute values of the temperature measurements are accurate only for the 
determinations near the two ends of the curve. 


ferrimagnetism, these might be different. This 
determination has been made experimentally by 
measurements of the change in intensity of the 
(001) and (002) reflections between room tempera- 
ture and low temperatures. Fig. 9 shows the 
results which were obtained for the (001) reflec- 
tion, and those for the (002) reflection were quite 
similar. The intensities at room temperature were 


representative of only the nuclear contributions 
to the reflections (since g? = 0), whereas data 
at 78°K included the magnetic contributions at 
that temperature. This allowed a determination of 
the magnetic component of these reflections at 
78°K, and a small extrapolation was made to 0°K. 
The magnetic component at room temperature 
was also known, since it had been measured in 
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experiments with an external magnetic field. 
These two experiments, therefore, gave experi- 
mentally the ratio of the magnetic intensities at 
295°K to those at 0°K. It was found that the 
degree of magnetic saturation at room temperature 
for the (001) and (002) reflections was slightly 
but significantly different. Since these two 
reflections have structure amplitudes which 
depend differently on the magnetic scattering 
amplitudes, pys,c1) and pyacrp, this difference 
was a definite indication of NEEL’s prediction 
that the two magnetic sublattices do not have 
the same temperature dependence of spontaneous 
magnetization. Specifically, these results showed 
that P);,,7) at room temperature was 84 per cent 
of its value at O°K, while py.) was only 


75 per cent of its saturation value. ‘The saturation 
values of Pmn(1 


this basis, and the corresponding values of the 


and Pyrat Were calculated on 


saturation magnetic moments of the manganese 
;, with estimated limits of error, were deter- 

mined to be 2:13-+-0:20 and —3-87-+0-40 

Bohr magnetons. 

to studying the (001) and (002) 


data 


In addition 
reflections at low temperatures, were ob- 
tained for the (110) reflection at 78°K. A compari- 
son of the (110) intensity at 78°K to that at 295°K 
allowed a determination of the direction of the 
240°K. These 


: ; 
data indicated that in the low temperature region 


moments below 


atomic magnetic 


the moments are aligned parallel to the axes of 


the base plane of the unit cell. 


DISCUSSION 


neutron diffraction measurements made 


7 - 7 ] 
wdered samples and single 


crystals 
confirm the general characteristics of 


was first sug- 


structure which 


‘he measured values of 


3-87-+0:-40 Bohr magnetons 


] 


obtained from the single crystal measurements 


tor the two types of manganese atoms 


than those of the suggested model, 


are smaller 
but they give 
a net saturation moment of 0-87-—-0-22 wg per 
manganese atom which agrees satisfactorily with 

> value of 0-936 LLB which GUILLAUD measured. 

1 all of the analyses, the values obtained for the 
magnetic moments represent the average effective 
those particular 


data could not 


located at 


The 


magnetic moments 


atomic posit neutron 
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distinguish between definite moments at each Mn 
position or disordered distributions of moments 
giving average values representative of the two 
types of atoms. 

Since there is no apparent reason for assigning 
a magnetic moment to the Sb atoms, the value of 
the Mn moments were calculated on the assump- 
tion of no Sb moment. The fairly small area of 
intersection of the linear plots in Fig. 7 is evidence 
that this assumption is reasonable. However, the 
analysis was repeated without this assumption 
in order to determine what value of magnetic 
moment at the Sb positions would be consistent 
with the neutron diffraction results. A least- 
squares analysis was performed on the data from 
all of the magnetic reflections from the various 
single crystal pillars, and moment values were 
determined for the three types of atoms. The 
values of the moments for both types of manganese 
atoms were unchanged within 1 per cent of the 
values obtained by the previous analysis, and the 
value of the Sb moment, with an estimated limit 
of error, was found to be +0-05-++0-10 Bohr 
magnetons. These results are therefore indicative 
that the Sb a magnetic 
moment. 

In an earlier section it was shown that the para- 


atoms do not po 


magnetic diffuse scattering from powdered samples 
of Mb.Sb at temperatures well above the Curie 
transition did not agree with the scattering which 
would be expected if the atomic magnetic moments 
were 3 and 5 Bohr magnetons. The calculations 
were repeated with the values obtained from the 
single crystal experiments, and Fig. 10 represents 
a comparison of the calculated and observed 
differential scattering cross-sections. The curve 
for 78°K shows the diffuse level with the magnetic 
lattice about 98 per cent ordered, and the 771°K 
curve shows the scattering which is believed to 
be representative of the true experimental para- 
magnetic scattering. The curve was 
obtained by the same method used previously, and 


calculated 


the agreement between calculated and experimen- 
tal curves is within experimental accuracy. Mag- 
netic intensities in the diffraction peaks of the 
powder data were also compared to those cal- 


culated with the experimental values of the 


moments, and although there were small dis- 


crepancies, the agreement was satisfactory. There- 
fore, the results from the powder diffraction 
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Fic. 10. Comparison of the experimental diffuse scattering from Mn,Sb 
powder above 7¢ to that calculated for the values of atomic magnetic 
moments determined from single crystal measurements. 


patterns are consistent with the moment values 
obtained from the single crystal measurements. 
Since the molecular field calculations of NEEL 
had so successfully accounted for the temperature 
variation of the inverse susceptibility and spon- 
taneous magnetization with the moment values 
which GuILLaup had suggested, it was of interest 
to repeat these calculations for the values deter- 
mined in this investigation. The calculations were 
made for values of 2 and —4 Bohr magnetons,* 
and these moment values were found to fit the 
previous experimental magnetic data equally as 
well as the values of 3 and —5 Bohr magnetons 
which NEEL has used. Hence, it appears that for 
this particular structure, molecular field calcula- 
tions are not sensitive in selecting the values of 
the individual atomic magnetic moments. Further- 
more, there seems to be no discrepancy between 
the moment values determined in this investi- 
gation and those required to explain previous 
experimental results. It is perhaps worth while 
mentioning that the temperature variation of the 


* We are indebted to Dr. H. A. Gerscu, Georgia 
Institute of Technology, Atlanta Georgia, for making 


these calculations. 


spontaneous magnetization of the two sublattices 
as indicated in the experimental results seems to 
be somewhat more rapid than that which would 
be predicted from the molecular field calculations 
for either model. This difference is believed to be 
outside of experimental error and consequently 
suggests the inadequacy of the molecular field 
treatment when applied to this particular com- 
pound. This is not surprising since the molecular 
field theory is based on a Heisenberg exchange 
interaction between spins, and it is not clear 
how the presence of a small orbital contribution 
to the atomic magnetic moments might affect 
the theory. Furthermore, if there were a small Sb 
moment or a distribution of moments on the Mn 
field calculations would 


lattices, the molecular 


have to be modified. 
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Abstract—The interference function of a fibre consisting of oblique crystals randomly oriented 
around an axis containing large numbers of repeat units has been calculated as a function of the 
numbers of repetitions along different lateral directions. It is shown that if the crystals contain only 
a small number of repetitions along different directions, maxima can arise which are absent in the 
developed crystal. These concepts are applied to crystallization of polyamides. An alternative to 
the «-? polymorphism is proposed and a possible mode of development of order in these materials 
is outlined. Some other problems which might be approached in this way are pointed out. 


INTRODUCTION 
STREAKS along layer lines are common occurrences 
in X-ray fibre photographs. ‘They indicate deficient 
development of the crystallites in directions 
perpendicular to the fibre axis. The intensity 
distribution along layer lines given by small 
crystals can be treated from first principles as 
done by James.“ JAMEs’s treatment applies to the 
special case of rectangular axes and deals in the 
first place with crystals which are two-dimensional, 
although a few simple examples are also given of 
how to extend the treatment to three-dimensional 
development. In general, decrease in crystallite 
size only broadens the reflexions but as we get to 
crystals containing only a few repetitions, maxima 
might appear which do not correspond to the 
Laue conditions valid for the developed crystal. 
It can be demonstrated even by qualitative con- 
siderations that such effects can be particularly 
pronounced, and thus be of physical significance, 
if the crystals are oblique and particularly if their 
extension is not equal along different axes. On 
these grounds it appeared possible that reflexions 
given by some synthetic polymers, which could 
not be accounted for by one single structure alone, 





* Now at Department of Physics, University of 


Maryland, U.S.A. 


301 


might have such an origin. These considerations 
prompted us to investigate the intensity distribu- 
tion in fibre diagrams as a function of crystallite 
size and shape in the general case. 


INTERFERENCE FUNCTION OF A SINGLE 
STATIONARY CRYSTAL 
The intensity J at a point P (éa*, nb*, ¢c*) in 
reciprocal space scattered by a periodic structure 
is | <|¥/*J where ¥Y contains the structure 
factor, and J, also called the interference function, 
is given by 


sin?(7N,é 


sin?(7¢) 


y 


Here é, 7 and ¢ are multipliers of the unit vectors 
a*, b* and c* along the three reciprocal axes a*, 
b* and c* respectively. N,, Nj, Nz are the number 
of repetitions along the three crystal axes a, b. c. 
We first consider the simple case in which the 
scattering units are all identical single atoms, and 
if we chose our axes so as to correspond to the 
edges of a primitive cell then Y will depend on the 
atomic scattering factor only. In this case J will 
be determined by / alone apart from some falling 
off with increasing angle, due to the atomic 
scattering factor, an effect which is easy to account 
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for. If conditions are not as simple, the intensity 
will still be primarily determined by J except for 
a modification introduced by the nature of the 
scattering units. 

A fibre diagram can be visualized as a rotation 
diagram where the fibre (rotation) axis is usually a 
principal axis of the crystal. Normally the crystals 

well developed (elongated) along this axis. 
Consequently we can consider them as con- 
g of an infinite number of repetitions in the 
Let this direction be the c¢ axis. 
appreciable values only along a 

planes in reciprocal space. These planes are 
to the fibre axis, intersecting it at 
-n, where m is O or any integer. 
necessarily be perpendicular to the 

c* might make any angle with it. 

hat the planes defined above correspond 
values along c* and it is easy to show 


rhen for a single stationary crystal 


sin*(7Non) 





as follows. Let 
lefine the unit cell 
] mye ¢ should 
appreciable 
¢ 1. 

ven constant 
intersection 
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of the c axis with the reciprocal lattice plane in question, 
O* is the point 00m at the intersection of the a* and 


_— “~~ 
b* axes in the plane represented, OO* = p, ‘¥ = 90—pb*, 
w = 180—y* where y* is the obtuse angle enclosed 
*, P(éa*, nb*) is any chosen 


y the reciprocal axes a* anc 
by the recip ] * and 


. — “ns 
point, OP r, 8 = 90—rb* 
It is seen that 


rcos @ = pcos ¥+éd* sin w; 
rsin 6 = psin ¥+nb*—£a* cos w 
whence 


Ar cos 0—C, 


» = Br cos (w—8)—C, 


1 
asinB; B== — =bsin« 


a* sin w b* sin w 


P cos Y 
C, = — — 


a* sin w 


asin B+ pcos ¥; 


pcos(w— ¥Y) : 
=b sin «+ p cos(w— ¥) 
b* sin w 


l 


* 


asinfsiny 


] 80—w). 


1 
- Cot &. 
c 


p cos(w— ¥) 


Consequently C, and C, can be expressed in terms of 
the unit cell parame 
b 
y 
= {— COS &. 
c 


(6) 
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Inserting (3) and (4), expression (2) becomes We make use of the relation 


1=Ne.- sin’[7N,(Ar cos #— C)) . sintNx N+ 2" N- N—p) mn 
ie sin?[7(Ar cos 9—C})] sin?x 





to rewrite integrand (8). Now 
sin*[7N, * (Brcos(w i C;)] ” 
= a (7) sin? sin? oy 
sin®[7 (Br cos(w—0)—C 2) | Ny Pacncrencnen © cemcencnne 


ale” 
sin*77 





INTERFERENCE FUNCTION OF A CRYSTAL 
ROTATED AROUND ONE OF ITS AXES 


Let the orientation be random around the c axis. For 
the different orientations point P will still be defined by 
the same distance r but not by the same angle @. The 
probability of it lying in the angular interval between 
@ and @+d0@ is d@/2m7. Thus the average value of J 


in (7) for random orientation is given by the integral : ; —,N,—-1<4/N,-1 
=NS{NN,+4 >" >" * (Ni-P) x 
( ( 
[7M (Arcos @—C;,)] a "ig 
Xx 


sin®[m (Ar cos 0—C v1 x (N,—g)cos 2mpé - cos 27g] (9) 


sin? [a Nal (Br cos(w w—O)— C 2) | where the primes in the second expression indicate that 

—_—__—— —_—— dQ. (8) the term p= q=0 is omitted from the summation 

sin? lar (Br cos(w—6)— GC 2) | and that the terms p = 0, g 4 0 and p #0, gq = O are 
given only half-weight. Thus (8) will read 


aiaiy es se (N. (Nz i ce D2 q rf) C 
iho 1—P)(Na—g) | cos 2xp[Ar cos @—Cy] 
q 
27q[Br cos(w—0)—C,] dé. (10) 


We denote 


cos(z sin #){(D+ £) cos[(z,—2,) cos 0]}d0+ 


4 


‘cos 2p [Arcos 0—C,] x 


z, sin #){(D—E) cos[(z,+ 


x cos 2zq[Br cos(w—0)—C,] d0=S ( J Ccos| 


1 make the substitutions 


2rqBr cos w = 24; 27q Brsinw 


sin @) cos|(z, z,) cos 6] dé 


; sin 27pC, sin 2mgC, =E. 
(13 where J,,, is the Bessel function of mth order. Consider- 
P ing that 


When we expand the trigonometric terms in (11) we 
find by symmetry considerations that most terms vanish 
when integrated from 0 to 27, and we get 





304 
S is given by 


—.,(—1)” 
a nS”? : 
7(D+E) 


m 


0 m 


‘i 


x 


x J (21-22) +7(D—E) > ‘: 
fant® 
m 


m 


| m( 2+ 2) (14) 


make use of Bessel’s summation formula‘) which 


becomes 


2xh+h? k 
- - I Ax). 
zx Jf 


the special case Of m U 


—1)4 


this formula we se« 
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Thus 


Since J,(x) is an even function of x we can take the 
+-we sign. 
Comparing (14) with (15) and (16) we get 


S =2(D+E)](V (21-20)? +237) + 
+2(D—E)] o(V (2, +22)? +237). 


(17) 


From expressions under (12) for 2,, 22, and z3 we get 
(2, —2_)?+ 2,” =477"[p?.4?+ ¢°B*—2pqAB cos w] 


and 


(2,+25)°+25? = 47°r?[p?A?+ °B*+2pgAB cos w]. 
Inserting these in (17) and using the expression of S 


thus obtained in (10) we have finally 


D+E) Ni —p)(N2—-9Q)J (27 V p*A®+¢@°B*—2pqAB cos w)+ 


\ 1—P)\ No—q )] (2m \ pA*+¢°BP+ 2pgAB cos w)]. 


NUMERICAL EVALUATION AND DISCUSSION 


In order to test formula (18) we have computed 
rference function for a developing crystal. 
reasons to be explained later we chose the 


1 


cell parameters of the « form of nylon 6,6 (poly- 


hexamethylene adipate)* which are a = 4-9A, 
5-4A, c= 17:2A; « = 484 
chose the second layer line ({ = 2). 

Fig. 2 shows the curves for a developing two- 


-=— 


7 Wis 


dimensional lattice, containing the a and c axes 


(18) 


(corresponding to the 010 planes which contain 
the hydrogen bonds). Fig. 3 shows the correspond- 
ing set of curves for a two-dimensional lattice 
containing the b and c axes (100 planes). In Fig. 2 
N. 1 and N, has values ranging from 2 to 7; 
in Fig. 3 N, = 1 and N 2-7. Thus we build 
up grids consisting of 2-7 infinitely long rows of 
scattering points. Fig. 4 shows a similar set of 


) 
/ 


curves for a two-dimensional grid with para- 
meters a = 6-‘0A, c = 10-0A, 8 = 30° with ¢ = 1, 
which were chosen so as to give the value 0:5 to 
the constant C in (6) (see below). 

In Fig. 2 there is a maximum at r = 0 for 
N, = 2 and 3. For N, = 4 this maximum dis- 
appears and a new peak appears at somewhat 
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Fic. 2. The*grid corresponds to the 010 plane of a nylon 6,6 « crystal. Second layer line (C, 
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above r = 0-03. This peak sharpens for in- 
creasing NV, and shifts slightly towards smaller 
values of r (this shift may not be noticeable on 
the scale of the illustration). In Fig. 3 there is a 


maximum at a finite r (about r = 0-14) even when 


ea ee ee 1a 
+ 4 »x 4 4 4 


20} 


xx | | | 





Fics. 2-4. Interference functions of two-dimensional 


grids consisting of 1 rows of scattering points, 


7 infinite 


rotated around an axis parallel to the row direction. 
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N, = 2. At first this peak sharpens with increasing 
N.; when N, = 6 it splits and when N, =7 it 
becomes a clear doublet with peaks at r ~ 0-11 
and r ~ 0-16. In Fig. 4 the curves are similar 
to those in Fig. 3 for small values of N. With 
higher values of N, however, a very prominent 
peak develops at above r = 0-17 which sharpens 
as N increases and also shifts towards smaller 
values of r. 

We can account for the main features of these 
curves by qualitative considerations as follows. 
If the above grids were of infinite extent (Nj, 
N,, N = © in Figs. 2, 3, 4 respectively) then 
before rotation the interference function would be 
finite only along a set of parallel lines perpendicu- 
lar to the plane of the grid, each passing through 
a reciprocal lattice point. The distance between 
the axis of rotation and the. line nearest to it 
is denoted as rmax. (Fig. 5). On rotation, this 
nearest line will produce a circle of maximum 
intensity of radius rmax., the intensity dropping 
discontinuously to 0 towards smaller values of r 
and decreasing gradually towards larger values of 
r. In Figs. 2, 3 and 4 the values of rmax. are 0-027, 
0-103 and 0-166 respectively. The distances rmax. 
are related to the values of C in (6); in fact the 
values of C are these distances expressed in units 
of 1/(a sin 8) or 1/(6 sin «) which are the unit 
reciprocal lattice vectors of the corresponding 
two-dimensional lattices. Thus C = 0-5 in Fig. 4 
corresponds to a distance rmax, which is half the 
distance between two reciprocal lattice points of 
the two-dimensional grid in question in the planes 


perpendicular to the axis of rotation, i.e. the axis 


of rotation O is half-way between two lattice 
points. In this special case the maximum along the 
circle of radius rmax. will be formed through equal 
contributions of two lines of finite intensities in 
the unrotated crystal. If O is not in such a central 
position the two nearest lines of finite intensities 
on each side of O will each produce a ring of 
maximum intensity after rotation, but only the 
one nearer to O (lying at 7max,) will have an 
abrupt inner edge falling to zero. This is the 
reason for the double peak in Fig. 3, the corre- 
sponding C, being 0-416. If O is much nearer to 
one of the lines than to the others, then the peak 
at ‘max. Will be well separated as is the case in 
Fig. 3 (C, = 0-128). At larger values of r including 
more reciprocal lattice points conditions will be 
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less easily predictable as rotation will cause an 
overlapping of several maxima in the unrotated 
function. The present discussion will therefore 
be restricted to values of r smaller than one repe- 
tition in the reciprocal lattice. 

If N, N, or N (in Figs. 2, 3, and 4 respectively) 
are finite the unrotated interference function will 
take the shape of a set of parallel more or less 
broadened ridges. If the function has a compara- 
tively large value at r = 0, rotation could pro- 
duce a maximum there, as it will decrease the 
function everywhere except at the axis. This is 
most likely to happen if O is near to one of the 
ridges, and in fact it is realized in Fig. 2 for 
N, = 2 and 3. Now we take the case when the 
ridges are broad but the function does not possess 
a sufficiently large value at O to produce a maxi- 
mum there after rotation. Figs. 5(a) and 5(b) 
0 


Lrimexdy Lpaxdy 


te) 
2 


max), 


rs, 





porn, 








(a) 
Fic. 5. Diagrams illustrating the origin of the dis- 
placement of the first maximum. Fibre axis perpendi- 
cular to plane of the paper intersecting it at O. (a) rmax 
small, (b) raz. large. (See text.) 


represent two planes in reciprocal space cor- 
responding to two two-dimensional crystals where 
(rmax.)1 < (7max.)o- I (rmax.) and / (rmax.)o repre- 
sent the lines of constant maximum intensity 
(the tops of the ridges) at distances (rmax.), and 
(rmax.)2 from O in the stationary crystal. J” (rmax.), 
and /7 r(max.)2 correspond to the same lines after 
the crystal has been rotated through an angle r. 
It is seen that after rotation these lines contribute 
to the resulting interference function also at 
values of r larger than rmax., adding to those 
parts of the function which had appreciable 
values at these larger distances even before 
rotation (the slopes of the ridges). This overlap- 
ping would shift the maximum to values of r 


CONSISTING OF SMALL 


CRYSTALS 307 


larger than 7mgx,, this shift becoming smaller as 
the ridge in the unrotated function becomes 
narrower with increasing values of N. It is seen 
in Figs. 2, 3 and 4 that the maximum is in fact 
at values of 7 larger than 7max., and also that this 
maximum moves towards rmax. with increasing 
values of N, even if it is hardly noticeable in Fig. 
2. This last point can be explained as follows. It 
is seen that for the same rotation 7, J(rmax.), 
sweeps a longer distance dr than J(rmax.),. Con- 
sequently it will have a smaller contribution to 
the resulting intensity beyond rmax. It follows that 
with increasing values of N the maximum will 
approach rmax, faster if rmax, is larger, which 
accounts for the difference between Figs. 2 and 4. 

We proceed by building up the three-dimen- 
sional crystal. Guided by physical considerations 
(see next section) we chose to build up crystals of 
a nylon 6,6 by taking more or less extended 
two-dimensional grids of the type as in Fig. 2 
and piling them up so as to form the three-dimen- 
sional lattice required by the structure. Fig. 6 
shows the curves obtained when starting from a 
two-dimensional lattice containing the a and c 
axes, and consisting of five rows (N, = 5, N, = 1). 
When N, = 2 the maximum at r ~ 0-03 disap- 
pears and a flat plateau develops at larger values 
of r. When N, = 3 a new peak appears at some- 
what above r = 0-10 which becomes more pro- 
minent as N, increases. This peak corresponds to 
the 002 reflexion of the developed nylon crystal, 
which is expected to occur at r = 0-104, in good 
agreement with the location of the peak in our 
Fig. 6. For N, = 4 and 5 a new smaller peak 
appears at r ~ 0-03. These are caused by secon- 
dary maxima in the interference function. At large 
values of ry the curves rise again indicating a 
prominent peak beyond r = 0-18. This could be 
due to a composite effect of the 010, 100 and 
possibly the tails of other reflexions (see Fig. 8). 
The effect of such overlapping would be very 
complicated, and as values at small values of 7 
alone are of physical significance for the example 
under discussion, we did not extend our computa- 
tion to values of r comprising more than one 
reciprocal lattice point. 

Fig. 7 shows parts of the curves obtained when 
starting from a grid with NV, = 7, N, = 1. When 


N, = 2, there is a slight maximum at r ~ 0-04 


which drops to a flat plateau. This small peak 
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Fic. 6. Behaviour of the interference 





function as the two-dimensional grid in 

Fig. 2, consisting of 5 rows, developes 

into a three-dimensional crystal of 
5 x5 rows (second layer line). 
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velops continuously from the plateau shown 

N, = 5, N, 
due to the stronger persistence of the 
the curve with N, = 7, N, =1. It is 
reasonable to assume that this small peak for 
N, = 2 would continue to develop as N, is in- 


2 in Fig. 6 and is 
viously 


1 
peak in 


creased further. With higher values of N, the 


prominent peak at r = 0-104 develops rapidly and 
it was not possible to include it in the illustration. 
The heights of the peaks are indicated by the 
numbers attached to the corresponding curves 
where they are interrupted. These numbers are 
the maximum 
maxima appear again at r 


ordinates reached. Secondary 
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and above. They are most conspicuous in relation 
to the main peak when N, = 4 and 5, in the former 
case being nearly one third of the main peak at 
r = 0-104. 

In the simple case when the scattering units 
are single atoms, only the atomic scattering factor 
has to be considered, provided the unit cell is 
primitive as in our example. The atomic scattering 
factor will reduce the values of the ordinates 
increasingly with increasing values of r. If the 
scattering units are oxygen or carbon atoms this 
effect will still be small in the range of the values 
of r considered here. It will manifest itself by 
enhancing the curves towards small values of r, 
but as it would not alter any of the principal 
features we do not illustrate this effect separately. 

When transferring our curves to observations 
made on photographs, the finite curvature of the 
sphere of reflexion has to be allowed for. For the 
smallest values of r, the crystals will not be in 
reflecting positions on the higher layer lines. 
The first value of r in reflecting position for 
CuK, radiation is marked as roux, on the 
abscissae of all the relevant figures. 





| ais 


Fic. 8. Diagram illustrating the origin of the secondary 
maxima in Figs. 6 and 7. (See text). 


The reality of the small secondary maxima can 
be checked as follows. We take the curve for N, = 
5 in Fig. 6 or 7. Let Fig. 8 represent the reciprocal 
lattice plane at ¢ = 2. O represents the centre of 
rotation, O* the 002 lattice point. As the crystal 
is thinned perpendicular to the 010 plane the 
point O* will spread along 5*, and similarly it 
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will spread along a* if the crystal becomes thinner 
perpendicular to the 100 planes. Consequently 
there will be ridges of higher intensities along the 
reciprocal axes. The variation along a given ridge 
will be given by the corresponding sin* term in (2). 
As b* passes near O the intensity along this 
ridge will be largely enhanced by rotation at 
points near to O. Consequently subsidiary 
maxima in the corresponding term of expression 
(2) will become significant if these are near to O. 
In Fig. 8 the function sin?757/sin?xy is drawn 
along 5* with a dotted line and it will be seen 
that the first secondary maximum comes near O 
which accounts for the small but not inappreciable 
peaks at about ry = 0-03 in Figs. 6 and 7. 


APPLICATION OF RESULTS TO THE PROBLEM 
OF POLYMORPHISM AND CRYSTALLISATION 
OF POLYAMIDES 
The structures of two polyamides polyhexa- 
methylene adipate and sebacate (nylon 6,6 and 
6,10) were determined by BUNN and Garner.) 
Nearly all reflexions fitted the structure they 
proposed first (« structure). However some 
streakiness about the meridian was nearly always 
present along the layer lines, and sometimes there 
were also maxima along these streaks which could 
not be accounted for by the « structure. Therefore 
a second polymorphic structure, the f structure, 
was proposed by these authors, which differs 
from the « structure in the mode of packing of the 
hydrogen bonded layers. In the following we 
shall refer to these additional maxima on which 
the existence of the f structure is based as f spots. 
The 8 spots are a pair of spots close to the meridian 
on the usual layer lines. Being poorly defined they 
are difficult to locate accurately, but according to 
BUNN and GARNER the lines connecting the 
representative reciprocal lattice points with the 
origin enclose an angle of 13° with the axis of 
rotation. On the second layer line this corresponds 
to an r value of 0-027. A glance at the curves in 
Figs. 2, 6 and 7 will show that we can arrive at 
these f spots by considering the « structure in its 
initial stages of development. The peaks around 
r = 0-03 would accordingly correspond to the 
reflexion previously indexed as 8 002, the peak at 
r = 0-104 being the usual « 002. Thus the 6 
spots would arise as peaks when the crystals are 


truly (N,=1, N,=4 and 


two-dimensional 
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above), as peaks followed by a streak when they 
are two layers thick (N, = 2, N, = 6 and above) 
and as peaks together with the corresponding « 
hey are several layers thick 
is seen that 


reflexions when t 
(N, = 4-7, N, 5 and 


3 spots and also the accompanying streaks can be 


} 


above). It 
by the appropriate curves or by a 
ination of curves, as it is reasonable to expect 
hat if the 8 spots are due to incompletely deve- 
| yped x. crystals, different stages of development 
ould be present simultaneously. Also the frequent 


absence of the streaks on the meridian itself would 


llow naturally from our curves. Sometimes, 


ith 
with 


nylon 6,10 the streaks cross the 


and even have a maximum there. It 
‘om Fig. 2 that this could be due to a very 
f order when N, = 1, N, = 2 and 3 


0-03 may still 


gree 

bly also 4 as the peak at 7 
resolvable) which is consistent with the 

fact that these nylon 6,10 samples are poorly 
crystalline. Summing up the various observed 
intensity distributions can be accounted for by 
our picture of incompletely developed « crystals. 
We now propose the following sequence of 
crystallization in polyamides. At first the molecules 
are parallel to each other, but in arbitrary positions 
around their lengths and randomly displaced 
along their lengths. Such a system will scatter 
X-rays as an assembly of laterally closely packed 
but otherwise unrelated one-dimensional lattices. 
Evidence for such a state of order has been found 
in powder photographs.“ In the next stage the 
hydrogen bonds would form, resulting in a sheet 
structure (corresponding to the 010 planes in 
nylons 6.6 and 6,10). Again, these sheets could be 
parallel and equidistant but randomly displaced 
with respect to each other along the direction of 
the molecular chains. If the packing of these 
layers is the final one all the « reflexions would 
appear on the 0 layer line without any streak on 
the equator (which is the observed experimental 
fact$’), but not 
length the intensity distribution will be different 
and would correspond to that shown in Fig. 2, 


giving rise to maxima corresponding to the f 


being in phase along their 


spots. As crystallization proceeds the adjacent 
parallel sheets would gradually take up their 


final position in the « crystal. Examples of the 


effect of this final ordering on the intensity 
iven in Figs. 6 and 7. All these 


Jiotr;] re 
aqistriDution are ¢g 


effects have in fact been observed and form the 
basis of the postulate of an «-§ polymorphism. 
Also it was found that whenever the f spots or 
streaks are pronounced, the spacing between the 
hydrogen bonded sheets is variable and always 
larger than required by the « structure (3-7 A). 
(The frequent appearance of a variable and a 
smaller than theoretical separation between the two 
strong polyamide reflexions around 4 A is familiar 
to those working with these materials; e.g. see 
reference 4.) This is consistent with our picture 
as in the intermediate stages of development the 
packing of the hydrogen bonded sheets may not 
be the most compact one. Also the frequently 
observed low relative intensity of the 3-7A (or 
thereabouts) reflexion (i.e. reference 5 and other 
unpublished observations by one of us) could be 
explained by the order being only moderately 
extended perpendicular to the hydrogen bonded 
sheets. In this case there will be a spike in recipro- 
cal space producing a lower relative intensity at 
its intersection with the sphere of reflexion than a 
point would do. 

There are also physical considerations which 
support the alternative picture of the f spots 
arising from incomplete crystals rather than being 
due to a distinct second phase. Whenever the f 
spots are observed the sample is poorly crystalline 
as judged from the definition of the X-ray pattern, 
and also the crystallite size is small as judged from 
line broadening. Further, heat treatments that 
are known to promote crystallization invariably 
increase the relative « content, and phenol treat- 
ment which is known to produce the maximum 
amount of crystallinity makes the 8 spots or 
streaks disappear altogether, these changes being 
irreversible. Consequently increase in crystallinity 
is always accompanied by reduction of the relative 
amount of the previously postulated 8 phase, 
which is consistent with our interpretation based 
on the existence of lower states of order. An inter- 
esting observation has been communicated to the 
authors by Dr. K. Litter, who found that the rela- 
tive intensity of the f spots or streaks increased 
when a drawn, formaldehyde treated nylon 6,10 
yarn was subjected to tension, this change being 
reversible. This could be interpreted by the 
tension displacing the adjacent hydrogen bonded 
sheets, producing the effect of thin crystals. 

Our picture is equally applicable to nylon 6 
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(polycaproamide) where the 020 spot is on the 
meridian and is often unusually intense. This has 
been attributed to a polymorphic f structure.‘® 
The crystal being monoclinic and being rotated 
around a reactangular axis we would expect this 
intensification to occur when the crystal is very 
thin or even two-dimensional. 

BUNN and GARNER place great emphasis on the 
fact that the f structure accounts for the correct 
intensity ratios of the 001 and 002 « and £ spots 
in nylon 6,6 and 6,10.) This point was re- 
examined by C. J. Brown (private communica- 
tion). The conclusions are as follows. BUNN and 
GARNER used only the oxygen co-ordinates for 
calculating the 8 spots. This is justified for all 
except the 001 reflexion. However, in the case of 
the 001 reflexion the oxygen contribution is very 
slight and the contributions from other atoms are 
comparatively significant. But the exact co-ordi- 
nates of the other atoms are not known. Brown 
derived them from a possible analogy with the « 
structure and obtained the figures 80 and 111 for 
001 and 002 in nylon 6,6, 400 and 370 for the same 
reflexions in nylon 6,10 (against 33, 28 and 0, 49 
in reference 3). It is obvious that the precise 
choice of the co-ordinates has a significant effect 
on the relative intensities. These co-ordinates not 
being exactly known, we have to conclude that 
figures for the 8 001 reflexion are not suitable to 
give evidence in the matter under discussion. 


SOME FURTHER POSSIBLE APPLICATIONS 


Our model for polyamides presupposed un- 
related small crystallites. However, it is possible 
that individual layers or small bundles of layers 
are displaced with respect to each other according 
to certain statistics. Such a problem might be 
more conveniently approached by optical trans- 
form methods. Such optical methods would also 
be required if the structure factor is to be included 
as well, as the analytical method would certainly 
be too cumbersome. Considering the structure 
factor, and choosing suitable statistics it might be 
possible to match the observed relative intensities 
on different layer lines. Such a concept of disorder 
would approach BUNN and Garner’s explanation 
of the streaks (they propose a composite «-8 


phase) with the fundamental difference, however, 
that no distinct second phase would have to be 
assumed. 

Beyond the field of polyamides, our treatment 
should be applicable to any fibre or rotation 
photograph where strict periodicity only has a 
limited range. The frequent occurrence of layer 
line streaks in natural and synthetic fibres indi- 
cates that this treatment would often be desirable. 
In the field of synthetic fibres in particular the 
varying positions of the maxima along layer lines 
has been reported before in substances also other 
than polyamides, e.g. in polyesters”) and we think 
our treatment might be applicable to these cases. 
A particularly puzzling feature is the splitting of 
continuous layer lines in the low angle patterns of 
synthetic polymers.) It is possible that this 
phenomenon could be interpreted on the lines of 
the present paper. 
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Abstract—New ferrimagnetic oxides have been prepared, with a magneto-plumbite structure, 
ar to BaF« 7 ubstitution of La**+* and alkali metals for Ba++ ions, where the alkali metal 
The new compounds have magnetic properties very close to those of the 
tals of Nag. ;Lay.;Fey2O,, up to 5 mm in diameter have been grown as 
nelt. X-ray data show that the structure is of the magneto-plumbite 
the probable presence of ordering among the Na+ and Lat** 
the compounds are at 440°C +10°C. The saturation magnetiza- 
crystal of the sodium compound) was about 113 gauss-cm®*/g, 
agnetons/unit cell, essentially the same as that of BaFe,.0,, 


ingle crystals was found to be about 3 x 10° erg/cm* 


INTRODUCTION contains two formula units, contains two spinel 
ferrimagnetic oxides with hexa- blocks, in which, aside from slight differences in 


has been known for some time. parameters, the ionic positions are identical with 
determined the structure of the those in the spinel structure, with the “c’”’ axis of 
lumbite, which at that time the hexagonal unit cell oriented along the (111) 


have the chemical composition axis of the spinel structure. § 
as shown the Recently a new compound (BaFe,,0,,) with a 


of de. More recent work®) | 
imbite to be Pb(Fe..-Mn..- larger unit cell, having similar structural and 
4) 


I eto-pl 
[his mineral and a group of struc- magnetic properties has been reported.©: 
BaO - 6Fe,O,, SrO - 6Fe,O3) These hexagonal oxides are magnetically hard 
ictures similar to due to the large crystal anisotropy which they 

possess. It has been shown§ that the magnetic 

properties of these oxides are due to ferrimagnetic 

f is 23-17 A and the is interactions. Using ANDERSON’s“) theory of “super 
of 5-876 A. The unit cell contains 3 exchange” in a qualitative manner, WENT and his 
ferric ions and 2 barium ions. co-workers‘ calculated the saturation magneti- 

form a close ked lattice, zation at0°K for two of these oxides, and found the 
calculated values to be in fair agreement with the 


observed values. From these results it seems to be 


tes are occupied by barium tons, 

ns are found in the interstices. 

rent crystallographic positions well established that a ferrimagnetic interaction 
Che unit cell, which occurs in these materials. 

In the course of an investigation of mixed oxides 

Engineering of lanthanum and iron it was found that magnetic 

phases appeared occasionally when the oxides 

were fired at high temperatures. This behavior was 

erratic and seemed to be related to contamination 


§ E. W. Gorter, Thesis, University of Leiden, 9 
June (1954). 
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from porcelain grinding media. A _ closer 
investigation of this phenomenon led to an in- 
vestigation of the possibility of substituting a 
monovalent and a trivalent ion for two divalent 
ions in the magneto-plumbite structure. Attempts 
were made to prepare a series of mixed oxides with 
the formula Ay.;Lao.;Fe,.0;,, where A stands for 
an alkali metal. 


2. EXPERIMENTAL 


A. Preparation of mixed oxides 

Mixed oxides and alkali carbonates* were ground in a 
mortar, then heated in a platinum crucible in a flowing 
»xygen atmosphere for extended periods of time at 
1000°C, 1200°C, 1350°C and in some cases 1430°C. 
After firing at one temperature the materials were 
reground and refired at the next higher temperature. 
Controls were prepared under the same conditions by 
omitting either the lanthanum or alkali metals or both 
from the starting mixture. 
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B. Magnetic properties and new phases 

All the alkali-lanthanum-iron-oxygen mixtures, 
with the exception of the one containing cesium, 
were strongly attracted by a magnet after being 
fired at 1350°C, while in the control samples only 
the product which contained lithium was strongly 
ferromagnetic. 

The ferromagnetic activity of the lithium- 
containing oxides (with and without lanthanum) 
was found to be due to the presence of LiFe,;O, 
which is known to be ferrimagnetic. (” 

X-ray powder diagrams showed that new phases 
were present in all preparations containing sodium, 
potassium or rubidium that were found to be 
strongly attracted to a magnet. The X-ray patterns 
of these new phases were similar to that of 
BaO - 6Fe,0,;. The lanthanum iron oxides con- 
taining sodium, potassium and rubidium gave 
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Magnetization vs. temperature for Nao.;Lay.; Fe,;20O19 (powder) and BaFe,.0j9 


@ Nap. ; Lao. ;Fe;2019, prepared at 1400°C in O,. 


O BaFe,.0j49, 


almost identical X-ray patterns in this respect. 
The sodium-lanthanum iron oxide showed marked 
magnetic activity after being fired at 1200°C. 
The reaction at 1350°C caused a further increase 
in ferrimagnetism. For the potassium and rubi- 
dium oxides ferrimagnetism was not found until 


* For the cesium mixtures the nitrate was used. 


prepared at 1000°C in Oy. 


after the oxides were fired at 1350°C. The potas- 
sium oxide showed greater apparent magnetic 
activity than the rubidium oxide. 

The appearance of a new phase, similar in 
structure to magneto-plumbite, coincided in every 
case with the appearance of marked ferrimag- 
netism. 


In no case was a pure phase obtained. Lines 
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due to «-Fe,O,, LaFeO, and other phases which 
id appeared in the X-ray diagrams of the samples 
still present 


at lower 
he new phase appeared, but were greatly 


temperatures were 
when 
in intensity. 


were made to isolate these new 


reduced 
Atte mpts 


ah 
which 


1 
faslad 
LaliCuU, 


exception of the 
igle crystals Stull 
ig temperatures (1430°C) resulted in 


tion of Fe,O, and the partial destruction 


discussed below. 


ynal oxide. Extraction of the samples 


acid appe ared to make 
in the hexagonal 
the other phases. Addi- 
lanthanum 
remove the iron 

its concentration, but LaFeO, 


KFe,,0,,) was 


carbonate OI 


carbc nate did 


iron oxide (¢€.2., 


lanthanum-iron oxide 
i large excess of Na,CO3. A mixture 
ion 2Na,CO; : }La,O 
1000°C 
j oxygen, at a rate 


1040°C by gradu: 


wer input to the furnace (manually) 


Fe,O, was 
, reground and then brought 


f about half 
reduction 


platinum- 


mperature was measured 


n-10 per cent rhodium »-couple which 


at the base of platinum crucible 


t junction ¢ 


containing the reaction mixture 
The resulting melt contained small crystals which 


hed by their smooth shiny, black 


could be distinguis 
surfaces and, in some cases, by their 
The cryst were moved from the dark brown mass 


veda 
treating the solidified 


hexagonal shapes. 


in which they were embedded by 


melt wi dilute hydrochloric acid in order to loosen 
the crystal then prying them loose with a probe. 
The rystal which was obtained in this manner 
wa roximately 0-3 mm thick and 2 mm in diameter 
and weighed about 5 mg. Crystals which were larger 


than tk in diameter) could be seen in the 


Us (aDOl 


ut acid treatment and breakage resulted 


tals were formed as flat plates with hexagonal 


reflection Laue photographs showed that 


3ack 
ils had a six-fold axis perpendicular to the 
his type of growth was also found when 

of BaO -6Fe,O, were grown from a 

were strongly magnetic, while the brown 

regions surrounding the crystals in the melt were not. 
When the crystals were placed in a magnetic field they 
aligned themselves with their flat faces perpendicular 
to the field, which indicated that the easy direction of 
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magnetization is along the c axis. This was later con- 
firmed (see below). 


D. Means used to make magnetic measurements 

A modification of the ponderometer method perfected 
by RATHENAU and SNokK‘®) was used to measure the 
magnetic properties of both the impure powders and 
the single crystals. The instrument consists of a pendu- 
lum made of vitreous silica suspended by five strands 
of very find tungsten wire, with the sample placed in 
the center of the field of an electromagnet with spherical 
pole face 

The field strength, H, varies as a function of x, the 
displacement of the pendulum, which is perpendicular 
to the field. The field strength is given by the equation 
H H,— tax’, where H, is the maximum field strength 
and a is a constant. The M, of a 


sample is given by the relationship 


M = 


magnetic moment, 


C (7,2 7*—1), 


T9 
where C is a constant for the system, 7» is the period 
of the pendulum with no field and 7 is the period of 
The C may be 
apparatus ferro- 
magnetic High- 
purity nickel, supplied by the International Nickel Co. 
Inc., was used for this purpose. The saturation magnetic 
per gram for nickel at 20°C used in this cali- 

30ZORTH,'®) namely 54:39 


oscillation with the field on constant 


j 


obtained by with a 


calibrating the 


material of known magnetization. 


moment 
bration is that given by 
gauss-cm?/g. 
Measurements made at elevated temperatures were 
obtained by the use of a platinum wire wound furnace 
which noninductively wound upon fused silica 
For measurements below room temperature a simple 
cooling device was found to be satisfactory. The cooling 
device consisted of a rectangular copper box, open at 
both ends, which was narrow enough to be inserted 
between the pole faces of the magnet, and whose lower 
end was immersed in a coolant (e.g., liquid nitrogen). 
With this method temperatures as low as —140°C 
were obtained. Above room temperature the temperature 
was measured with a stationary platinum-platinum-10 
per cent rhodium thermocouple placed close to the 
equilibrium position of the sample, while below room 
thermocouple was 


was 


temperature a copper-constantan 
used. 

The powder samples, used to obtain Curie tempera- 
tures and magnetization as a function of temperature, 
were placed in a silica sample holder four inches long 
i inch in diameter, with a + inch bore. Resting on the 
sample was a fused quartz rod which fitted the tube 
snugly and which extended above the mouth of the 
tube. The rod served the double purpose of resting on 
the powder, thus making it more compact, and of 
extending into the body of the suspension so that the 
sample holder was held rigidly in place. The sample 
holder was attached to the body of the suspension with 
phosphor bronze springs. 

The single crystal mount was different from that used 
for powders. The single crystal was mounted on a glass 
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slide with ‘‘Duco’’ cement, with its flat face parallel to 
the surface of the slide. This was then attached to a 
silica rod, the bottom portion of which had been ground 
flat in order to seat the glass slide. The rod was then 
attached to the rest of the assembly. 


E. Measurements of magnetic properties 

Magnetic moment per gram (oc) vs. temperature 
curves were obtained by making measurements on 
powders containing one of the lanthanum-alkali 
metal hexagonal ferrimagnetic oxides as one of 
the phases present. The curves are similar in shape 
to that found for BaO - 6Fe,O;. Fig. 1 shows the 
curve for Nag.;Lao.;Fe;.O;9,* which is similar 
to those found for the oxides prepared with potas- 
sium and rubidium. This is compared with the 
curve obtained with BaO-6Fe,O0,. The Curie 
temperature obtained for the three alkali-lantha- 
num-iron oxides are, within experimental error, 
identical. The uncorrected value for the Curie 
temperature is 460°--10°C. The apparatus was 
checked with nickel, for which the Curie tem- 
perature is given at 358°C, and for BaO - 6Fe,Os, 
which WENT and his co-workers‘® found to have 
a Curie temperature of 470°C, Using these values 
we obtain a value for the Curie temperatures of 
the alkali-lanthanum-iron oxides of 440°C--10°C, 

o vs. T measurements were made at low tem- 
peratures upon single crystals of Nap.;Lao.;Fey> 
O,9.+ These measurements were made with the 
direction of the magnetic field along the easy 
direction of magnetization (i.e., perpendicular to 
the flat crystal faces). Fig. 2 shows the results of 
these measurements. Extrapolation of the straight 
line obtained gives a value for the magnetic 
moment per gram at 0°K (o) of 118 gauss-cm*/g. 
However, in extrapolating one should take into 
account NERNST’s theorem, according to which 
the slope of the magnetization vs. temperature 
curve becomes zero as it approaches 0°K. If we 
take this into account, o, would be about 113 
gauss-cm®/g, If we use 113 gauss-cm*/g as the 
value for o, and assume the formula to be Nay.; 
Lay.;Fe,.0,9, we obtain a value of about 43 Bohr 
magnetons per unit cell, if the unit cell is similar 





* This is a nominal formula indicating the ratio of 
the starting mixture of oxides and carbonates. In addi- 
tion it should be remembered that this powder contains 
some impurities (e.g., «-Fe,O3) which do not contribute 
appreciably to the magnetic moment. 


+t Nominal formula. 
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to that found for BaO -6Fe,0,. It should be 
remembered that the unit cell contains two 
“molecules” of Nao.;Lay.;Fe;2O19. The magneti- 
zation of BaO - 6Fe,O, reported by WENT and 
his co-workers®) is approximately the same as 
that found here. 





Temperature ~~ “ 


Fic. 2. Magnetization vs. temperature for a single crystal 
of Nay.;Lag.;Fe;20,,, magnetized in the direction of 
easy magnetization. 


F. The anistropy constant 

The term magnetic anisotropy is used to denote 
all phenomena which promote a directional 
dependence of magnetization. There are three 
factors which contribute to the magnetic aniso- 
tropy: crystal anisotropy, shape anisotropy and 
stress anisotropy. 


8000 





2000 4000 
H 


<> yersted 


Magnetization vs. field strength of a single 
crystal of Nag.sLao.5Fey20;9 


Fic. 3. 


—magnetized in the easy direction. 
|—magnetized perpendicular to the easy direction. 


The shape anisotropy is small compared to the 
crystal anisotropy because of the low value of the 
saturation magnetization. The stress anisotropy 
has been shown to be negligible as well.” 

The magnetocrystalline energy density, E, is 
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the energy per unit volume needed to turn the Table 1. Comparison of powder diagrams of 
magnetization from the easy direction over an Nap.;Lap.;Fe,o0,, and Magneto-plumbite 
The relationship between E and 6 may (ADELSKOLD) 


be given by the following formula, E = K sin?0, 





, PbO - 6Fe,O; (ADELSKOLD) 


ro 
t 


= Fe Fe, o( 39 was obtained at room din Rel. Int. . Rel. Int. 


by measuring the magnetization at . . 
VVW 
VVW 
: . ats ss VW — 
rpendicular to it (Fig. 3). It was on vw 
y anisotropy in the basal plane : VVWw 
ed. The field strengths used were 


strengths along the easy direction 
ition (parallel to the c axis) and in a 


gh to saturate the crystal along the 

ult magnetization; this curve 

to higher field strengths and the 

he curves was measured. This 

density of the crystal is the work 

ry to turn the saturation magnetization 
he easy to the difficult direction of magneti- 
The value obtained for the anisotropy 


10° ergs/cm?. 


NM NN NY ND KH KL WN bo 
un } 


X-ray pattern of single crystal 
ic measurements were made on the 
ystal it was ground into a fine powder 
an X-ray powder photograph was taken with 
alt radiation. This pattern is com- 
with that of PbO - 6Fe,O;, as reported by 
lable 1. There are several faint 
ird reflection region which cannot 
r by the hexagonal unit cell of 
rial. It was thought that they might be 
to ordering of the lanthanum and sodium 
the basal plane, but they do not fit any 660 


scheme such as a doubling of 638 
Lat++ ‘627 
i 


alternation of Na* and 
614 


lines in ADELSKOLD’s pattern 
from ours; the reason for this 
1 determined. 
3. DISCUSSION 
of a series of mixed oxides with 
appear to be similar to that found 


has been established. As analogues 


BaO -6Fe,0, one might suspect that they 


1 


ave the formula A,.;Lay.;Fe;,019. This 


would 
has, however, not been completely established. 
The magnetic properties of these materials are 


similar to those found for BaO - 6Fe,O,.‘ The 
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Curie temperatures are slightly lower. The ani- 
sotropy constant and the saturation magnetic 
moment at 0°K, obtained from measurements 
made on single crystals, are approximately the 
same as those found for BaO - 6Fe,O 3. It should 
be noted that the values obtained for both the 
anisotropy constant and the saturation magnetic 
moment at 0°K required extrapolation of the 
curves over a large temperature range. These 
values are only good to one significant figure. 
From the similarity between the magnetic 
behavior of these oxides and the magnetic be- 
havior of BaO - 6Fe,O, one must draw the con- 
clusion that these materials are ferrimagnetic and 
very nearly isomorphous with BaO - 6Fe,O3. 
The preparation of these compounds isomor- 
phous with BaO-6Fe,O, has prompted us to 
attempt the isomorphous replacement of lan- 
thanum by other elements of the rare earth series. 
We have also succeeded in replacing the iron in 
BaO : 6Fe,O, by aluminum and gallium. The 
effects of these substitutions on the magnetic 
properties of the oxides will be dealt with in a 
later publication, but some preliminary obser- 
vations on the rare-earth substitutions may be of 
some interest here. The preparations made thus 


- le De We \ ae 
far include Nap.;Pro.;Fej,Oj9, and the analogues 
with neodymium, samarium and gadolinium. 

These compounds are only weakly magnetic 
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(compared to Nay.;Lay.,Fe,,0,,) at room tem- 
perature. Measurements of magnetization vs. 
temperature on the gadolinium and neodymium 
compounds give Curie temperatures near 460°C. 
Preliminary X-ray diffraction data indicate that 
all these mixtures contain a large excess of 
a-Fe,O, and an unidentified phase, which may be 
responsible for the magnetic activity. The non- 
appearance of a magneto-plumbite phase in these 
preparations may be due to the need for different 
reaction conditions than those required for the 
lanthanum compound. We are continuing attempts 
to prepare these compounds so that the effect of 
substituting paramagnetic ions for lanthanum 
can be studied. 
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Abstract—The conductivity of single crystals of zinc oxide can be greatly increased by exposing 
ther hydrogen or zinc vapor. Zinc can be adsorbed at room temperature, but hydrogen requires 


a} 


+t 
Nem tO 


temperature of 200°C to be effective. Oxygen destroys the excess conductivity at room temper- 


It is concluded that the conductivity produced is associated with the crystal surface and 
ses from zinc atoms. Hydrogen may reduce the surface to produce the zinc. A surface conduc- 
ity of 1-5 x 10-* mhos/square can be attained. The surface conductivity varies with crystal dia- 

neter in the expected fashion, and it has been examined as a function of zinc pressure and of temper- 

ure. By quenching adsorbed zinc atoms the conductivity was observed down to liquid helium 

tures. The simple space charge theory for adsorbed donor atoms cannot explain all the 
and it is probable that impurity band conduction is involved. 


npera 


INTRODUCTION concluded that this conductance must be associ- 
EDLE-LIKE crystals of zinc oxide have been ated with the surface and as it showed gas pres- 
grown by a method previously described™ in sure dependence and was quite reproducible, the 
1ich zinc vapor and oxygen are mixed ata high — effect was investigated. 
temperature in the presence of hydrogen. The 
N-type semiconductivity of these crystals is APPARATUS 
generally supposed to arise from the presence of a The conductivity of the crystals was measured by the 
hiometric excess of zinc, the donor centers four-contact method to avoid false results from non- 
ohmic contacts. In oxidizing atmospheres such non- 


being eithe r interstitial zinc atoms or oxygen 
ohmic contacts did occur and it was frequently necessary 


vacancies. However the situation is probably more 
‘ , : to discharge a condenser through the contacts in order 


omplic: 1 than tl or ttorts to co O , 

complicated than this, ! errors control the to get satisfactory readings. But as soon as the crystal 
redj ] hion \ eat 1 ] a 
predictable fashion by heating had enhanced surface conductivity in a_ reducing 
zinc atmospheres have been only atmosphere the contacts were quite ohmic and steady 
‘ , : 1]. , . . lien . . ; 
essful. Doubtless impurities and Usually the crystals were mounted in colinear loops of 
“es ee . four 0-002 in. platinum wires held in a ceramic rod 
special imperfection configurations are also im- = ‘ 
; ? (Fig. 1). A small drop of platinum paste was placed at 
"in Ts no ver ser >  - 1 

iment go nowevel erve to each loop on the crystal, and the system was then heated 


eatments do not result in in air at 600°C thus forming mechanically strong con- 
ulk properties of the cry stals. nections between loops and crystal. A quartz enclosed 
, P thermocoup! 1ded i h rystal y ws the 
partial pressures and O, vapors thermocouple ended nea crystal. Fig. 1 shows the 


nee covagilie leciaee apparatus with provisi : surrounding the crystal 
i en. aac: F with a lov > zinc vapor. The wires were led 
400°C, and the sam rue of hydrogen below out through a pres il and the quartz tube joined to a 
300°C. Ow - rvstal ¥f small diameter e.g. vacuum 1 through a graded seal. The vacuum was 
low conductir itv e.g. 0-01 (ohm usually near 10-? mm but this was not particularly 
selected, then hudroge n and zinc critical. The zinc temperature was seldom raised above 
nny pags AEH “en 300°C where its vapour pressure is 1°5 x 10-* mm. The 
under certain conditions do greatly impedance to gas flow between the ceramic piece and 


} + e 1 7 rr 
conductance he crystals. It was he close-fitting tube walls was high. Thus at these low 
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pressures diffusion of zinc out of the reaction region was 
negligible. The crystal and zinc temperatures could be 
controlled independently, thus allowing the zinc relative 
pressure (p/po, the actual pressure divided by the satura- 
tion pressure) at the crystal, to be varied over a wide 
range. Blank experiments with a piece of quartz fiber in 


ip 


WIRES COVERED WITH 
QUARTZ INSULATORS 














CERAMIC 





CONTROLLING 


NTR 


TEMPERATURE 








WS 
Fic. 1. Crystal holder as used in the presence of zinc 
vapor. 


place of the crystal showed that even at relative pres- 
sures greater than one, at least for a short time, no con- 
ductivity developed, so it is safe to say that the conduc- 
tivity subsequently observed with a crystal in place did 
not arise from any leakage in the holder. If the zinc 
pressure is very low (e.g. 10-7 mm at 150°C), then any 
zinc that may have condensed in the 
temperature gradient between the two ovens only dis- 


region of the 


tills away very slowly. As a result, especially as the zinc 
pressure was being decreased and desorption occurring, 
it was found convenient to have an auxiliary heater to 
evaporate zinc from this this heater being 
turned off when a reading was taken. Another possible 


region, 


low-pressure source of zinc which might hinder the 
equilibrium on desorption, was zinc 
the baked platinum 
paste at Zinc Co. 
‘super purity’’ grade and was partially evaporated onto 
the tube walls before an experiment. 


attainment otf 
adsorbed at higher pressures by 
the contacts. The zinc was N.J. 


As will be explained, by quenching, the adsorbed zinc 
could be ‘‘frozen’’ on the crystal surface and the con- 
ductivity could then be followed as a function of temper- 
ature at least up to room temperature without changing 
the zinc coverage. To do this 1 mm of inert gas such as 
hydrogen or helium was admitted as a heat transfer 
agent and the tube surrounded by liquid nitrogen. The 
nitrogen was then removed and readings taken as the 
crystal warmed while surrounded by a cold but empty 
Dewar. Further cooling was effected by siphoning in 
liquid helium and pumping on this. The copper-advance 
thermocouple was used down to about 30°K, and below 
this either hydrogen or helium in the apparatus were 
used to determine the temperature from their vapor 
pressures. 


SURFACE CONDUCTIVITY PRODUCED BY 
HYDROGEN 
The surface conductivity des- 
cribed here were first noticed when a low-con- 
ductivity crystal was heated up from room temper- 
ature in an atmosphere of hydrogen gas. Fig. 2 


phenomena 














Fic. 2. Surface conductivity produced by Hg. 


shows the observed conductivity as a function of 


temperature for a crystal of diameter 0-0047 in. 
in either O, or Ng, or in H,. While the effect pro- 
duced by H, was very large it appeared slowly in 
the region of 200—250° for ascending temperatures, 


and disappeared slowly near 200—150°C for des- 
cending temperatures. In these experiments the 
standards of purity were not high. Previous work@ 
showed quite clearly that the effect was too large 
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and the temperature too low, for the explanation 
to lie in the diffusion of hydrogen into the bulk of 
the crystal. Thus at 250°C the equilibrium solu- 
bility of hydrogen at one atmosphere in the crystal 
would lead to a c = 0-004 (ohm cm)! and would 
take 1400 min to diffuse 80 per cent into a crystal 
of 0-005 in. diameter. Clearly therefore the con- 
ductivity produced by the hydrogen could not 
arise from this source. That it must arise from 
some surface phenomenon was proved by the fact 
that rapid quenching in H, resulted in enhanced 
conductivity at room temperature which could be 
room temperature, and there is no doubt that bulk 
diffusion is immeasurably slow at room temper- 
ure. 
These results seemed to indicate that slow ad- 
sorption began near 200°C, and that the adsorp- 
tion increased with temperature—a very unlikely 
occurrence if there is an coverage. 
However, 


e.g. the 


appreciable 
subsequent work showed that the results, 
conductivity reached at a particular 
temperature and pressure, were strongly depen- 
dent on traces of impurities, probably of oxygen. 
Thus whether or not the hydrogen was flowing or 
stationary made a difference, and so did the inser- 
tion of catalytic purifiers. As a result of this, better 
vacuum systems were used and the hydrogen was 
always admitted in a very pure state after passage 
through the walls of a heated palladium tube. The 
and the 


became more consistent 


rate, under comparable conditions, at which the 


behavior now 
conductivity increased on admitting hydrogen was 
found to increase by a factor of 20 between 150 
and 230°C. At 300°C apparent equilibrium was 
rapidly attained. It now happened that having 
heated a crystal in hydrogen so that it was conduc- 
tive, cooling, either in hydrogen or in vacuum, did 
not remove the excess conductivity, although of 
course oxygen did. It seemed likely therefore that 
in the work first carried out the conductivity 
decreased on cooling because once the temper- 
ature was below that required to produce the 
conductivity, the oxygen impurity removed it. 
Since equilibrium seemed to be attained rapidly 
near 300°C, it was decided to study the conduc- 
tivity at this temperature as a function of hydrogen 
pressure. In Fig. 3 are shown the results for a 
crystal 1-8 mil in diameter, in which specific con- 
ductivity is plotted against H, or O, pressure in 
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mm. The curves are typical of those found for a 
number of crystals. In oxygen the conductivity is 
very low at about 0-001 (ohm cm)-! and decreases 
very slightly as the oxygen pressure increases; this 
is to be expected if the adsorption of oxygen leads 
to acceptor states on the surface. On admitting low 











Fic. 3. Conductivity of 0-0018 in. crystal at 300°C as a 
function of oxygen or hydrogen pressure. 


pressures of hydrogen the conductivity increases 
to about 0-02, and as the pressure is raised it rises 
to near 0-1. But on lowering the pressure the con- 
ductivity now decreases only slightly, and heating 
at 450°C in a vacuum is necessary to lower it to 
0-02. Admitting O, reduces it to its original 0-001 
value. We see that there is a sort of hysteresis 
effect even though previous rate work indicated 
that equilibrium was attained at 300°C. This 
anomalous result together with the subsequently 
discovered behaviour of adsorbed zinc, strongly 
indicates that it is not hydrogen itself that gives 
rise to the surface conductivity, but rather zinc 
produced at the surface by reduction of the zinc 
oxide crystal. It seems likely that it is this reduc- 
tion which requires a temperature near 200°C, and, 
as we will see, the complete desorption of zinc at 
300°C is neither rapid nor easy to attain. 

While the primary interest of this lies in the fact 
that zinc is adsorbed it is of interest to know that 
enhanced conductivity can be produced by reduc- 
tion by foreign gases. This effect will be particu- 
larly significant if the reduction reaction occurs at 
a temperature below that at which the metal donor 
atom is desorbed at an appreciable rate. Other 
oxidic semiconductors may be expected to behave 
in the same way, and the effects would probably 
be very marked if the material is in the powder 
form, for now narrow necks, easily affected by sur- 
face charges, could control the situation. A “‘vac- 
uum” frequently is of a reducing nature, probably 
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Conductivity of 0-001 in. crystal 


because of residual CO, and it is doubtless signi- 
ficant that on a number of occasions the conduc- 
tivity of a ZnO crystal has been observed to in- 
crease while it was heated in a “‘vacuum’’. It seems 
not impossible that such surface reductions could 
play a part in the operation of oxide cathodes. 


SURFACE CONDUCTIVITY PRODUCED BY ZINC 

When a small crystal of moderately low conduc- 
tivity, e.g. 0-1 (ohm cm)-!, was mounted in a 
acuum system at room temperature, and when a 
piece of metallic zinc was briefly heated in the 
same vacuum system, then at once the conduc- 
tivity of the crystal was found to increase markedly 
and the contacts to the crystal simultaneously 
became ohmic. This increase remained until oxy- 
gen was admitted to the system, whereupon the 
conductivity fell to its original value. ‘The conduc- 
tivity was not due to electrical leakage arising from 
the deposition of metallic zinc, since no conduc- 
tivity was observed in an identical apparatus with 
a quartz fibre in place of the crystal.* It was con- 
cluded that the conductivity arose from the ad- 
sorption of zinc on the crystal, and that desorption 
at room temperature was immeasurably slow, al- 


*'The production of conducting caesium films on 


glass surfaces has been (D. G. 
Tuomas, to be published) where it is shown that such 


1 on a semi- 


rept yrted elsewhere 


films probably arise from adsorption of meta 
conducting impurity film slowly deposited on the glass 
surface: the effects are much smaller than those noted 
here. 


X 


at various 








temperatures as a function of zinc relative pressure. 


though oxygen could react with, and so destroy 
the effect of, the adsorbed metal atoms. 

In order to study this adsorption process more 
carefully the apparatus described above was used 
in which the conductivity of a crystal could be 
measured as a function of temperature and of zinc 
pressure. All reported measurements were made 
at zinc relative pressures of one or less. If this ratio 
was exceeded for a short time no increased conduc- 
tivity was observed. Thus a discontinuity exists 
between conditions for the initial deposition oi 
zinc and those which may result in the formation 
of a continuous conducting metal film. At 150°C 
zinc has a vapor pressure of only 10-7 mm and 
so the zinc temperature could not be lower than 
this if equilibrium was to be attained in a reason- 
able time. At 300°C the vapor pressure is 1°5 
10-3 mm, and at higher pressures passage of zinc 
vapor into the cold part of the system becomes 
excessive. ‘These were the temperature limits set 
for the metallic zinc. The crystal temperature was 
usually varied from 150 to 500°C. Fig. 4 shows 
the results of such an experiment on a particular 
crystal 0-001 in. in diameter and with a base con- 
ductivity of about 0-005 (ohm cm)-!. The con- 
ductivity is plotted as a function of the relative zinc 
pressure at different temperatures. It is to be 
emphasized that the points represent equilibrium 
points in that to a good approximation they may 
be reproduced for both ascending and descending 
temperatures and pressures. The figure shows that 
considerable adsorption persists to very low partial 
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Apparent 


specinc 


isorption as a function 


Fic. 6. 


function 


Oo 


conductivity from zinc 


f crystal diameter. 











0-0019 in. diameter crystal conductivity as a 


ot 


temperature 


tor 


different zinc coverages. 


pressures indicating that the heat of adsorption is 
not small, and also that on this type of plot the 
adsorption does not depend strongly on the 
temperature. This last observation might indicate 
that the heat of adsorption was quite small—about 
equal to the heat of sublimation of metallic zinc. 
However, such a conclusion would not be justified 
since the conductivity at different temperatures 
may not be proportional to the quantity adsorbed, 
and further, in this “saturation region’ small 
differences of adsorption with temperature can 
mean large heats. It is to be noticed that the con- 
duction does not increase markedly as a relative 
pressure of one is approached, showing that any 
multilayer adsorption of zinc does not play a part 
in the conduction process. 

Several crystals were examined and they all gave 


results similar to the ones just quoted. There was 


a surprising consistency in behavior and only once 
after the vacuum system had been drastically 
changed did there appear to be any “‘poisoning”’ of 
the surface, and this soon disappeared. Low pres- 
sures of oxygen in the system only slowly destroyed 


the conductivity. 


SURFACE CONDUCTIVITY AND THE DIAMETER 
OF THE CRYSTAL 

For a fixed surface coverage at a fixed temper- 
ature the apparent specific conductivity of the 
crystal should vary inversely as the diameter of 
the crystal, if the genuine bulk conductivity is 
either negligible or subtracted from the total con- 
ductivity. Alternatively under these conditions the 
surface conductivity calculated as mbhos/square 
should be independent of crystal size. To test this 
several crystals of sizes ranging from 0-00025 in. 
to 0-01 in. diameter were observed at 300°C in a 
saturated zinc atmosphere. The conductivity of 
the crystals was first observed in air, or what was 
much the same in a rough vacuum, and this base 
conductivity was subtracted from the value found 
in zinc vapour. The apparent specific conduc- 
tivities are plotted against the crystal diameter in 
Fig. 5. The straight line drawn has a slope of 
unity and corresponds to a surface conductivity 
of 1-5 x 10-* mhos/square. It can be seen that the 
observed points follow the trend of the line as they 
should. The scatter may perhaps be ascribed to a 
different roughness factor from one crystal to 
another. 
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SURFACE CONDUCTIVITY AT 
LOW TEMPERATURES 


Below about 150°C the vapor pressure of any 


adsorbed zinc is so small that provided the crystal 


is kept in a vacuum or in an otherwise inert atmo- 
sphere, the adsorbed atoms remain unchanged so 
that the surface conductivity may be studied as a 
function of temperature. That this is so is shown 
by the facts that hydrogen or helium may be intro- 








duced into the system without in any way changing 

the conductivity, and that the conductivity vs. 

temperature curves are quite reproducible after 

many temperature cycles, always providing the 

temperature is not raised to too high a value. 
Fig. 6 shows the apparent conductivity of a 

0-0019 in. diameter crystal as a function of temper- 

ature for different zinc coverages. ‘The “‘base’’ con- 

ductivity of the crystal is indicated as well, and it is 

seen to be negligibly small. ‘The top curves A, B, C, 

were obtained by quenching the crystal after expos- 

ing it to successively lower zinc pressures. Lower 

curves were obtained after treatment of the crystal 

first with zinc and then with oxygen at various 

pressures and temperatures. Air at room temper- yg. 7. 0.0053 in. diameter crvstal conductivity as a 

ature will remove the surface zinc conductivity function of temperature for different zinc coverages 

quite quickly, but dry oxygen at lower pressures 

is not so effective. Curves D and EF were produced 

using 0-05 mm of O, at 200°C, for differing lengths 

of time. Curve H required 1 cm of oxygen at 

160°C. Curves could be produced which were very 

similar either by exposing the crystals to a very 

low zinc pressure, or by treating a well-covered 

crystal with oxygen. Furthermore it made little 





difference to the curves if, when the crystal was 
exposed to zinc vapour, it was held at room 
temperature or at 300°C. ‘Thus curve F was pro- 
duced by exposing the crystal at room temperature 
to a very low pressure of zinc, when there was an 
instantaneous increase of conductivity. This curve 
is very similar to the other curves. This all sug- 





gests that the centers giving rise to the surface 
conductivity are of one type. 

Another set of curves for a crystal 0-0053 in. 
diameter is shown in Fig. 7. Here the apparent 
effect due to adsorption is smaller because of the 
increase in size, and also the contribution to the 





conductivity of the crystal itself is important at 
higher temperatures. Again lower zinc coverages 
were attained by admitting oxygen. lhe general Fic. 8. 0:0086 in. diameter crystal curve A occurs 
similarity to the previous figure is to be noticed. when zinc is adsorbed 


x* 
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Fig. 8 shows that the effect occurs on large 
crystals of high conductivity even though at room 
temperature the effect is very small. Here the base 
conductivity drops with temperature, and at sufh- 


nth 


ciently low temperatures the surface effect pre- 


dominates Curve A occurred after the crystal had 


been “‘saturated”’ with zinc vapor. 























For a number of crystals conductivity measure- 
ments were extended to liquid helium temper- 
atures and in Fig. 9 are shown results for different 


coverages and different crystals. The log of the 


4 
conductivity is here plotted against log 1/7. 


In general all these results show that when the 
surface is saturated the conductivity-temperature 


behavior is reminiscent of that of a metal in that 


the conductivity is nearly independent of temper- 


As the coverage 1S lowered however, the 


ature. 
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conductivity falls off with decreasing .emperature, 
the slope being steeper the lower the coverage. 


DISCUSSION 

The work just described shows that exposing a 
zinc oxide crystal to zinc vapor at room temper- 
ature or above can greatly increase the conduc- 
tivity of the crystal, and that this increase appears 
to be associated with the crystal surface. A variety 
of observations indicate very strongly that the 
conductance is not simply to be ascribed to the 
presence of a film of metal on the semiconductor 
surface. Certainly there is no more than one mono- 
layer giving conductance since saturation is ob- 
served at a zinc relative pressure much less than 
one. Indeed the observation that the conductance 
does not increase markedly between a relative 
pressure of 0-1 and 1, is good evidence that we 
are not dealing with the formation of a physically 
adsorbed layer. It is in fact difficult to lay down a 
continuous film of metallic zinc because of its 
tendency to agglomerate.®) In addition MAYER 
and Nossek") have shown that the onset of metal- 
lic properties of potassium occurs quite abruptly 
at a coverage of about }. Yet although the relative 
zinc pressure in Our experiments ranged over 
nearly eight orders of magnitude no abrupt 
change of conductivity was observed. 

When a quartz fibre of dimensions comparable 
to those of the crystal was used in place of the 
crystal, no conductance was observed, so that 
clearly the crystal plays an essential part. Further- 
more as mentioned above conductance produced 
by the adsorption of caesium on glass very prob- 
ably arises from adsorption on an impurity layer 
which may be a semiconductor, not from adsorp- 
tion on the glass itself. 

For these reasons we conclude that a simple 
metallic layer is not formed on the crystal surface. 

In principle, of course, zinc oxide can adsorb on 
its surface an excess of either positive or negative 
ions, the first case giving an enrichment layer of 
electrons and the second a depletion layer. The 
fact that the conductivity increased continuously 
in going from oxygen to zinc vapor shows that 
there is no inversion layer with p-type conduction, 
perhaps because of the large energy gap (about 
3-3 eV) in the crystal. However, the absolute 
decrease of conductivity caused by the adsorption 
of negative oxygen ions will, if certain conditions 
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are fulfilled, be much less than the increase due 
to the adsorption of donor positive ions. ‘Thus 
from figures given by KRUSEMEYER and ‘THOMAS ) 
it can be shown that for a crystal 0-001 in. in dia- 
meter, and of a specific conductivity of 0-005 
(ohm cm)-!, oxygen could only reduce the con- 
ductivity by about 20 per cent whereas zinc might 
raise it by a large factor. For this calculation, the 
simple space charge theory has been assumed and 
the maximum potential drop across the space 
charge layer has been limited to about one volt. 


Since the predicted and observed (Fig. 3) effect of 


oxygen is in fact quite small for most of the crystals 
we have examined, we consider it likely that the 
conductivity of the crystals with a neutral surface 
is approximately the same as that in oxygen, and 
that the increase caused by the zinc represents an 
addition of zinc to the surface and not just a 
removal of excess oxygen. 

Somewhat similar surface effects have been ob- 
served by HerLanp“®) at low temperatures after 
heating ZnO crystals either in a vacuum or in 
hydrogen. The crystals so treated had different 
conductivities at liquid air temperatures before 
and after exposing them to oxygen at room temper- 
ature. No appreciable conductivity changes were 
observed at room temperature presumably because 


the crystals were too large, or because they were 


not sufficiently pure. Since he found it necessary 
to heat the crystals to produce the effects, he was 
unable to decide whether the added donors were 
on the surface or were concentrated in a thin layer 
just under the surface. He points out that in either 
case oxygen at room temperature could destroy the 
effect either by reacting with surface atoms, or by 
removing electrons from the crystal and forming a 
space charge region. He could not decide whether 
the donor atoms were zinc or hydrogen. Our 
results showed hydrogen could produce donor 
atoms but that these were almost certainly zinc 
atoms formed by reduction of the crystal. Inci- 
dentally this action of hydrogen undoubtedly must 
be taken into consideration when interpreting the 
adsorption of hydrogen on powdered zinc oxide 
and its effects on conductivity (see for instance, 
KuBOKAWA and ‘ToyaMa(’)), 

It was observed that identical and stable con- 
ductivity states could be rapidly produced by ex- 
posing the crystal at room temperature or at 
300°C to Certainly this evidence 


zinc vapor. 


PRODUCED ON ZINC OXIDE 


BY ZINC AND HYDROGEN 
shows that if simple bulk solubility and diffusion 
theory may be applied, the zinc donor atoms are 
on the surface and not inside the crystal. However, 
it is likely that electrical fields present distort this 
be discussed in two 


picture. These fields 


parts. ‘There is first the field normally associated 


may 


with a space charge due to the thermal separation 
of the ions and electrons. However, this field can 
do no more than increase the normal diffusion 
coefficient by a factor of two, and this field is con- 
sidered to have no serious effect on either the 
diffusion constant or the solubility. In addition, 
for an ion outside the surface there is the force 
arising from the image charge which will be in- 
duced in the semiconductor dielectric. This force 


is given by: 
e— | 
(2r)? e+] 


where r is the distance of the ion from the surface 
As e ~ 10, 
1 


1) is approximately unity. If 7 is | 


and is the dielectric constant. 
(e—1)/(« 
\ngstrom, the force is: 


! dynes. 


Suppose that for an ion to penetrate the first crysta 
layer it has to surmount a barrier } volt high ¢ 
of half width } A, then the force required to do 


this 1s: 
Work 


Distance 


This is a very approximate treatment especially as 
the image force equation is not applicable as the 
ion moves into the surface, nevertheless it indicates 
that an ion on the surface may move in one atomic 
layer quite independently of temperature. It is un- 
likely that it will move much further as a result of 
these forces, since the dielectric will now be polar- 
ized more or less uniformly around the ion. It does 
not follow that all the ions will move in in this 
fashion since the presence of some will tend to 
provide more stable surface sites. Such considera- 


tions as these may well be of prime importance in 
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band conduction men-  ductance electrons, it would indicate that 1-7 per 


tioned below cent of a monolayer of adsorbed zinc atoms were 


We consider it likely therefore that the adsorbed _ ionized, (it has here been assumed that a mono- 


nNeé 


tal atoms act as donors and that the conduction layer consists of 3 x10! atoms/sq. cm). How- 

in the semiconductor. ‘To attempt a_ ever, since the conduction does not occur in the 

description of the situation is at normal crystal conduction band, the mobility 

It. There exists a well-developed _ figure is probably too high, so that the fraction of 

rge transfer at semiconductor sur- a monolayer contributing to conduction is higher 
assumptions about the than 1-7 per cent. 

rey states and the straight- In summary we wish to point out that the effects 

of Poisson’s equation. The described here are large, stable, essentially repro- 

lependence of adsorption has ducible, and are confined to the crystal surface 

approximately. (KRUSEMEYER and its immediate neighbourhood. Their charac- 

teristics point to a semiconductor rather than a 

predictions of | metal film model, but the observed behavior of 

the theory can the conductivity as a function of temperature and 

ed phenomena. — surface concentration cannot be explained on one 

are taken to. simple theory. The precise explanation of the 

conduction observations must await the development of a more 

the semi- adequate theory of crystal surfaces, and probably 

nperature one which includes a treatment of impurity band 


conduction at the surface. 
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Abstract 
solutions have been developed which may 


11 
models of 


Although there exists no general theory of alloy formation at present, a few 
be able to offer some guidance to the experimentalist in 


choosing systems on which to work, in deciding which quantities it is most fruitful to measure, and in 


understanding his data. Of the statistical models, the successes and failures of the quasi-chemical 
theory are discussed ; the conformal solution of LONGUET-HIGGINs and the cell model of PRIGOGINI 
are reviewed and their applicability to metallic solutions is considered. Models which endeavour 
to shed light on the fundamental aspects of solvent-solute interaction in metals are next discussed. 
These include the work of VARLEY and FRIEDEL. Relevant experimental information from thermo- 
dynamics, X-ray diffraction, nuclear magnetic resonance, etc., is brought forward to display the 
strengths and weaknesses of these models. he atom-size effect is discussed, particularly in relation 


to the alkali metal binaries, and the elasticity theory type of calculation is found to be unfruitful 


The existing theoretical models are able to give the experimentalist some, 


guidance 


INTRODUCTION 

THE goal of a theory of solutions is the prediction 
of the thermodynamic properties of the solution 
from the knowledge of the properties of the pure 
components. In this sense, there does not exist 
at the present time a theory of metallic solutions. 
Furthermore, there is little likelihood that such a 
theory, developed rigorously from quantum 
mechanics, will make its appearance in the near 
future, since every approximational method 
available at present for the quantum mechanical 
calculation of the cohesion of a pure metal en- 
counters great difficulties when the periodicity 
of the lattice is destroyed by even one foreign 
atom. 

Therefore, theories of a less general nature, 
those based on specific models, may be expected 
to play an important role in aiding the experi- 
mentalist to decide what type of experiment is 


best to attempt on which specific alloy system. 


* Presented at the Gordon Research Conferences, 


Physics and Chemistry of Metals, 1956 


AEC Contract No. 


+ This work was supported by 
W-31-109-Eng-52 


but very little, qualitative 


But in order for theoretical models to be suc- 


cessful guides, the theoreticians need to be 
aware of all important experimental results so 
that relevant and significant physical features are 
incorporated into the models. There is hope that, 
even though the problem of cohesion in a pure 
metal is still beset with serious difficulties in all 
but a few cases, the alloy problem may be ap- 
proachable nevertheless: the hope lies in the fact 
that the alloy problem is one of differences, so 
that the perturbation introduced by the solute 
may be understandable in terms of some judicious 
model although one may remain ignorant of some 
of the 
solvent. This is what has happened, for example, 
in the cell 
nonpolar molecules with respect to the cell model 


main features of cohesion in the pure 


case of the model for solutions of 
applied to the pure liquid. 

The point of view of this paper is that of an 
experimentalist examining the current solution 
models for guidance in understanding his data 
on metallic solutions and in choosing experimental 
techniques and materials. A secondary purpose is 
to bring to the attention of the theorist some of the 
relevant phenomena which should be considered 
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ant model of Table 1.* Degree of agreement of quasi-chemical 
ourselves to theory with experiment in the copper-gold system 
which are 


lud s th iting 
ude as the limiting P, caled. AH, caled 
ymponent. We will consider some . from expl. from expl 
le] inder two general ane ath Uf ; \G and \G and 
} ()-( O ie 


Theory 


he interaction 
ves specifically us yAuy/y 1094 1070 


yn between solvent 
1226 1200 


STATISTICAL THEORIES Taken fron 2; quantities ar r temperatures 


g temperatures 


Ist co-ord. 
| 1 1 
u DbDONnAdS Over ranaom. 


veals discrepancies between the pre- 


experimental excess thermodynamic 


\airwise quantities even as to sign. Table 2 shows some 


I 
t neigh- examples; most notable is the positive sign of the 
lenviron- excess entropy of solution for systems which are 
and known to exhibit positive short-range order. 
It has been adduced, 


glected. The demonstrated,@° that the nonconfigurational 


and in one case 


formation, such as the change in 


rartar = 
factors OF alloy 
Vii | 


ibrational spectrum upon forming the alloy, are 


responsible for the disagreement between experi- 


ment and a theory which considers only configura- 


ctors. Despite various recent improve- 
upon the quasi-chemical theory, such as 
e,; be explicit functions of composition, ‘!”) 
nsion to next-nearest neighbors") and _parti- 


Li’s modification”) using a tetrahedron of 


hbors as the basic unit instead of the pair, 


won of the qualitative correlations of the quasi- 


chemical theor, 
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there has been no integration of the vibrational 
and configurational aspects of the solution process 
within the framework of this model. 


Conformal theory 

Loncuet-Hicerns“) has shown that the ther- 
modynamic properties of a solution may be 
calculated from those of the pure solvent if the 
solution obeys an extension to mixtures of the 
law of corresponding states for pure substances 
and if the intermolecular forces have nearly the 
same value for all components. This theory is 
independent of any explicit model, but appears 
inapplicable to metallic solutions because of the 
large deviations from ideality that these usually 
exhibit; when large departures from ideality are 
contemplated, a second-order calculation becomes 
necessary, but BRowNn and Loncuet-Hiccins“!® 
have shown that the statistical quantities that then 
arise cannot be related to the thermodynamic 
properties of the reference species and cannot be 
evaluated without appeal to some special model 
of the solution. 

Therefore, the chief value of the conformal 
theory for the present purpose is that it serves 
as a useful criterion of the internal consistency 
of any statistical model, since the latter should 
be reducible to the conformal theory to first 
approximation. Hence, it seems best to pass on 
to the cell model, which has recently been ela- 
borated and shown to be consistent with the law 
of corresponding states. 


The cell model of solutions 

PRIGOGINE and BELLEMANS“”) have elaborated 
the cell model of solutions and find that predic- 
tions from their model are confirmed by data for 
many systems of simple molecules. The main 
assumptions are that the assembly is characterized 
by pairwise interactions between nearest neigh- 
bors only, that the molecules are spherical and 
distributed at that the law 
between atom species 7 and 7 is 


random, energy 


€,(r) = €,;*[(7;;*/r)?—2(r, 
and that 
rij* =4(r,,*+7;;*). (2) 


In these relations e¢,;* and r;;* are characteristic 


energies and distances, respectively, between 
atom species 7, j. In contrast to the quasi-chemical 
theory, this model explicitly includes vibrational 
characteristics, and predicts many combinations 
of signs of the excess thermodynamic quantities 
depending on the relative values of the parameters 


5, 6 and p where 


Also, nothing can be said about the kind or degree 
of short-range order in the solution by virtue of the 
assumption of random distribution. 

In order to apply this model to metal solutions 
it is necessary to evaluate the parameter @ by a 
method different from that used by PRIGOGINE 
and BELLEMANS for solutions of non-electrolytes. 
The method previously used by the writer,“®) 
employing the critical temperature of disorder, 
is not correct.+ All that can be done to determine 
the internal consistency of the cell model is to 
calculate @ from the experimental free energy and 
then use that value of 8 to calculate AH. If this is 
done for liquid Au, 5 Cu, 2, the AH” of formation 
from the pure liquid components is calculated to 
be —1290 cal./g atom as compared with the experi- 
mental value (!8) of —1780 cal/g atom. 

Despite this rather encouraging agreement it 
seems best to go on to an improved version of the 
cell model,“®) one based on the theorem of 
corresponding states for pure components and 
which uses systematically the experimental values 
of the thermodynamic properties of the pure 
components. The parameters enter this 
modification of the cell model, and if one uses the 


same 


experimental free energies of formation in order 
to calculate values of 6 one may calculate values 
of AH and of TAS) as shown in Table 3, in 
which the superscript (x) denotes an excess 
thermodynamic quantity. The agreement between 
calculated and experimental AH for both phases 


+ The author is indebted to Drs. PRIGOGINE and 


BELLEMANS for pointing out the inconsistency in a 
private communication, 
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Table 3. Resumé of cell model (1956) 


Calculations* 
Expl 
AH 
178024 
1200 
10502 3804 


2800 126024 


\G and eq. (5.31) of ref. 19 to calculate @: this is used 


experimenta 


to calculate AH and in (5.32) to calculate AS CAA 6 cal/deg./g atom 


thermodynamic quantities. ) 


vy is remarkably good, though 5. The atomic force constants* for Cu 


her alloys leaves something to be (JACOBSEN)?! 


Ile ] 
calculated I 


entropy terms 
Cx] Bx; f lata (in units « ' dynes /cm) 
hat the ’ 18 : %, — 0:09 
ipon alloying 1 1e character of the atomic } 2 £2 0-022 
adequately considered by this 0-015 
: 0-06 


statistical models as applied 

solutions must come about by lifting the 

usual restriction to nearest-neighbor interactions 
having central- Orce character. Tabl shows 


Table 4. Forces , 3, y, € describe inter- 
m and its ’th-neighbor 
portional to the second 
the total potential energy. 

Acta Cryst. 6, 


character exhibited by f.c.c. copper. The non- 
centrality of the forces within an assembly of 
atoms 1n a metal may present serious obstacles to 
all statistical theories formulated in terms of 
pairwise interactions; increasing the number of 
data obtained by CurrEN@°) from the temperature- nth nearest neighbors considered does not reduce 
diffuse scattering of X-rays, and indicates that the the error. 
forces between second- and third-nearest neighbors 


are not at all negligibly small. The data of JAcos- INTERACTION THEORIES OF MODELS 


sEN!) shown in Table 5, obtained also from the In the statistical theories of solutions we are 


temperature-diffuse scattering of X-rays, illu- given a framework into which we put some 


strates the rge deviation from central-force experimental information about the assembly, 
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but nothing is said concerning the intrinsic 
interaction of solvent and solute. We now go on 
to describe briefly some models that have been 
proposed to deal with this problem. 


Jones’s model 

Jones’s model) of an alloy for which the 
electron/atom ratio increases as solute concen- 
tration increases will not be described here because 
of its familiarity. It is desirable only to point out 
that we are given no means of calculating an en- 
thalpy or an entropy of solution, and hence that 
JONEs’s model is not a theory of solutions in the 
present sense of the term. 


Varley’s model 


VaRLEY*) regards as unimportant the change 


in energy of the electron at the bottom of the band 
of metal B which must occur when A is dissolved 
in metal B; this change in energy comes about by 
virtue of the modification that the ground-state 
eigenfunction must undergo in order to become 
continuous and smooth throughout the alloy 
lattice. He asserts that it is possible to consider 


that the electrons of metal A lie in one set of 


energy levels or band, and those of metal B lie 
on another, which in the alloy are ‘superposed’ 
to give a single energy band of nonuniform density. 
In forming the alloy, electrons are transferred 
from the band of higher F£,,., to that of lower 
Eynax.» filling up the hitherto unoccupied levels 
at the top of the latter band. This charge transfer 
from cells of A-atoms to cells of B-atoms, say, 
has several consequences: (1) the alloy has a lower 
energy than the mechanical mixture (negative 
AH); (2) repulsion energy among electrons in the 
A-band decreases and that in the B-band increa- 
ses; (3) the donor cells become smaller as they lose 
charge, and the acceptor cells larger, hence the 
energy of the bottom of each band will change, 
the Fermi energy will change, and the strain 
energy (see last section below) will be partially 
relieved. VARLEY attempts to calculate all these 
effects quantitatively. It is to be noted that a 
positive contribution to AH in VARLEY’s model 
can come only from an elasticity theory calcula- 
tion for the strain energy. 

This model leads to qualitative agreement with 
the empirical relative valency effect, that, if A 
has a larger valency than B, A should dissolve 








more readily in B than conversely; VARLEY deduces 
that 
solubility of A in B 


: =(Z4/Zp)'8 (6) 
solubility of B in A 


where Z; is the number of free electrons per atom 
in pure 7, Furthermore, VARLEY deduces a relation 
for the deviation of the lattice parameters of a 
solid solution from Vegard’s Law in good quali- 
tative agreement with experience. 

On the other hand, VARLEY’s model requires 
a distribution of positively and negatively charged 
cells which would produce a Madelung energy, 
negligible in a random assembly, but of about 

6k cal/g atom for the Cu, Zn,/. superlattice, 
thus predicting a wholly wrong order of magnitude 
for the energy of transition from order to disorder. 
VARLEY blames this breakdown of the model in 
the case of a superlattice to his neglect of the 
variation of the ground state energy, but Mott”) 
has shown that the small values observed for the 
ordering energy may be understood by application 
of the Fermi-Thomas method to the clustering 
of conduction electrons about the excess charges, 
leading to a quite thorough screening. 

Table 6 presents some of VARLEY’s calculated 
enthalpies of formation; some of the numbers 


Table 6. Results of VARLEY’s model 


AH cal/g atom 


Alloy Calculated Observed 
Cuye Znj/2 2420 2500 (solid) 
Cue Cady) 60 50 (liquid) 
Cuy,/2 Snj/2 60 1150 (liquid) 
Cuy/2 Pbi/2 0* 1890 (liquid) 
Agyj2 Zny/2 2360 1700 (solid) 
Agise Cdiy2 2020 1300 (solid) 
Agi/2 Sny;2 690 1370 (liquid) 
Agije Pbiss 2300 420 (liquid) 
Cuy/2 Agi/e 1250+ 2000 § (liquid) 
Avira Cusse 4030* 17807 (liquid) 
Auys2 Agi 1700* 1050f (liquid) 


* Strain energy not considered. 
+ Only strain energy makes a finite contribution. 
t Ref. 19. 
§ Epwarps and DowNING, 


Ref. 25. 
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Zq 
AEn (10) 


show poor correspondence. It is not clear how gR cosh gR—sinh gR 


ire in fair agreement with experiment, and others 


VARLEY means these comparisons to be taken, 
or example, he calculates a AH by in- The Fermi level of the alloy is increased because 


train energy term and then compares the charge displaced below Ey, given by 


with an experimental value for the 4 


The Cas¢ of Cu, Ag, is egregious : : ae ? 
since the only contribution to the Z(R) = —47n (Em) | V gf Or, (th) 
- elasticity theory strain energy 

is less than Z, so that when the Z electrons per 
impurity atom are subsequently introduced, 
fewer than Z electrons are needed to screen the 

excess nuclear charge. The deficit, 

are a collection of 

-oblem of metallic S Z—Z,(R) I 3q7R?(AEy), (12) 
range of applica- is accommodated by the rise in Fermi level, 
AEy. The quantity AFy,/Z is shown plotted 


against the impurity concentration, c, in Fig. 1. 


f greatest interest from the 
experimental verification, we 
hat he calls the first-order 


he molecular orbital method. 





TTS) FRIEDEL considers the elec- 
1 ina pure metal as represented bya 


ng potential produced in a 


positive charge Z is obtained by 


under Thomas-Fermi 








C-_, 


; P vel with solute concentration, 
ce from the excess Charge, ¢ f+ FRIEDEL. ref. 27 


at the top of tl 


\t this juncture one can see the difference be- 
tween JONES’ and FRIEDEL’s point of view on the 
effect of the electron to atom ratio. According to 
Jones®?) adding Zn to Cu increases the popu- 
lation of the conduction band proportionately to 
Cz, 80 that the Fermi level rises at constant slope 
immediately from c = 0. However, FRIEDEL finds 


impurities in 
spheres of mean radius R about : 
sia cad positi Rosin 2 that at low c, the localized screening accommodates, 
, Cacn O OSITIVE CXCOeSS Cllal Pec 4s : r 
) a at first all, then most of the solute electrons, so 
Poisson’s equation under Thomas- : 
fie : ; ; that only a fraction of them serve to raise the Ey 
itions and the proper boundary : 


x1m< 


o 4 : ; of the band, at least at low c. The practical con- 
the surface of the circumscribed 


sequence for Knicut shift determinations, as 
we shall see below, is that the electronic density 


Z qReosh{q(R—r)]—sinh[¢q(R—r)] in the solvent matrix, away from the immediate 
> vicinity of the impurities, remains undisturbed at 


_— 


? gR cosh gR—sinh gR 


(9) low c. 
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At larger concentrations, the AFy, becomes 
appreciable (see Fig. 1) and this adds a term to the 
energy of solution, AH. If «, = d(AH)/dc, the 
effect on ¢, from the rise in yy is approximately 
given by 

, 2(p+ Zc) Zq"*R? 
0€5 


3e(q’'R—1) exp(q’R)’ 


q 


’ (14) 
[1 —3u (27ky1) | 


where p is the number of conduction electrons 
per atom in the matrix, jz is the effective mass of 
the electrons, and q’ is the screening constant 4 
corrected \ the 
Shinohara approximation. Noting that de, is 


for exchange by using Slater- 


effectively the curvature of the AH-c curve for a 


solution, one can conclude that on this model the 
curvature of that curve should have the sign of Z, 
irrespective of the sign of AH itself, and that for 
the same solvent, the larger the |Z| the greater the 
curvature. Furthermore, from the observed curva- 
measurements of AH(c) of 
a value of g’ may be calculated from 


tures in sufficient 
accuracy, 
equation (14) which then may be compared to 
values of the screening parameter obtained from 
electrical resistivity measurements or from mea- 
surements of the electronic specific heat. ‘Table 7 
reproduces FRIEDEL’s numbers”) for qg’ calculated 
from AH(c) and q’ calculated from (14) and (8); 


the agreement seems excellent, although in some 


Table 7. 


thermodynamic data 


Comparison of screening constants from 
and from calculation, after 
‘RIEDEL? 


Alloy Oe ‘d. from 
AH(c) 


Cu(Zn) 1-65A7} 
Ag(Cd) 
Al(Zn) 
In(Ag) 


Sn(Ag) 
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cases fortuitous because of the low accuracy of 
some of the data. 

One can go further in adducing points from 
FRIEDEL’s model to be checked by experiment. 
We note with FRIEDEL that a negative curvature of 
the AH(c) curve implies that solute atoms attract 
each other, i.e., negative short-range order 
(clustering) is exhibited, and conversely, for posi- 
tive curvatures one expects positive short-range 
order. Hence, in terms of FRIEDEL’s model one 
can predict the following correlations: (a) Z Q, 
o <0, and AH /cc2 < 0, or (b) Z> 0, c> 0, 
and 0? AH /éc* 0; (ca short-range order). It is 
important to note that this model predicts an 
essential oppositeness in the signs of the curvature 
and of the short-range order at opposite sides of 
the phase diagram. Looking to the literature, we 
find that with respect to the correlation between 
the sign of Z and that of ¢?>AH/cc?, the model has 
28 correct predictions and 11 wrong ones; we 
hasten to point out, however, that most of the 
data are of insufficient accuracy in the regions of 
to 
evidence of the correctness or incorrectness of the 


low concentration furnish incontrovertible 
prediction. With respect to the correlation be- 
tween the signs of Z and of o there are 4 correct 
predictions and 2 incorrect ones. 

FRIEDEL’s picture of screened solute atoms is 
consistent with the small magnitude of the energy 
accompanying the order-disorder transformation 
as discussed above, and leads to fair agreement, in 
second-order development, with the resistivity of 
elements of 


screen- 


alloys of Cu with nontransition 
Z 0. On the other hand, the pic ture of 
ing of impurity atoms by the valence electrons is 
Ni and SMITH’s 
measurements ®) of the elastic constants of copper 


alloys; they find that the electrostatic shear stiff- 


not concordant with 1GHBOURS 


ness, C, of an alloy is related to that of the pure 
copper, Cy, by C Ca a) is the 
electron to atom ratio, and this relation is con- 


(e/a)*, where (e 


sistent with a uniform valence charge distribution. 
Recent measurements of the KNiGcutT shift@® ? 


in alloys furnish some support for FRIEDEL’s 
model. The fractional change in nuclear resonance 
frequency between a nucleus as a metal and that 
nucleus as a non-metal at constant applied mag- 
netic field is known as the KNIGHT shift, and is due 
essentially to the increase in mean magnetic field 
strength at the nucleus because of the presence 
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conduction electrons in the metal.) This The Kwnicut shifts of solutes in more or less 
is proportional to the product of thevolume low concentrations furnish very interesting data. 


V’, the probability density <|¥(0)|?>,,, TEETERS®® finds that the line shift of Al in Cu is 
he electrons at the Fermi level, independent of concentration in the alloy and 


susceptibility of the electrons, yp. different from the line shift in pure Al. This is in 
: (7 I 


r is directly related to the density keeping with FRIEDEL’s model. Table 8 presents 


other results by TEETERS®® for the line shifts of 
Cu and of Al, each at 10at.°{, concentration in 

various solvent metals. Note that in four of the 

th low solute cases the metals as solutes have the same line shift 
nuclei of the that they exhibit as pure metals. This is very 
electronic difficult to understand in terms of FRIEDEL’s 


se nuclei. picture. Furtl 


lermore, the agreement obtained by 
'TEETERS* between the calculated ratio of line 
shift of metal as solute to metal pure and the 


observed ratio, as shown in Table 8, is not in 


Table 8. Ratio of Knicut shift of solute metal in 
alloy to KNIGHT shift of solute metal when pure, 


after ‘TEETERS®® and KNIGHT®!) 


S» (pure) 


Calculated ratio 


keeping with FRIEDEL’s model. ‘TEETERS,@®° and 
also KniGuT,®!) bases his calculation on the pre- 
mise that the e atoms ‘see’ the same electrons 

do the solvent atoms, and hence that the Xp 

the equation for the line shift of the solute 
atoms should be that characteristic of the pure 
solvent. However, this implies that the n(Ey,) of 
the alloy is the same as that of the solvent and 
unaffected by entry of the solute, in contradiction 

the requirements of FRIEDEL’s model. 


This incomplete survey of FRIEDEL’s work shows 
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that whereas quantitative, and sometimes qualita- 
tive, agreement is not obtained with experience, 
FRIEDEL’s model can be quite suggestive of quali- 
tative ideas about the nature of primary metallic 
It should be that the 
framework of the approximations here described, 
0, 
contrary to experiment. In any case, we are P1\ en 
no means of calculating AH, AS, etc. In addition 
to the qualitative ideas discussed above, others 


solutions. noted within 


the case of Z = 0 would be one where AH 


are: (1) The larger is the screening parameter, g, 
the smaller is the interaction between solute and 
solvent; since g* © 4m7n(Ey), keeping solute 2 
constant and varying the solvent, the partial 
molar enthalpy of solution for the solute, AH, a 
should be smaller the larger the n(/y,) of the 
solvent. It is that Fe—Ni,@” and 
Fe-Mn®) form nearly ideal solutions. (2) At 


significant 


low concentrations a departure from Henry’s 
Law (or from constant AH,) should be observed 
when AF y becomes appreciable and hence when 
the KNIGHT shift of the solvent begins to vary with 
solute concentration. Both variations should be 
larger, in a given solvent and given concentra- 


tion, the larger the Z of the solute. 


THE ELASTIC MODEL OF A SOLID SOLUTION 

The use of classical elasticity theory to calculate 
a strain energy in the formation of a solid solution 
has already been discussed and criticized.“* 15) 
Although the model implied by such a calculation 
can in no wise be construed as a theory of alloys, 
it seems necessary to discuss it in the present 
context because, as we have seen, it continues to 
appear even in the most recent attempts to base a 
theory of alloys on quantum mechanical prin- 
ciples. Thus, VARLEY’s®*) sole means of 
adducing positive contributions to the enthalpy 


(23, 27) 


of formation lies in elasticity theory calculations, 


and FriepeLt®?) obtains apparently excellent 


agreement with the experimental enthalpy of 
formation of solid Au—Ni alloys by means of a 


similar type of calculation for the strain energy. 
By the concept of strain energy in a solid solution 
is meant that a solid solution composed of atoms 
of dissimilar size is richer in energy than is one 
composed of atoms of the same size, every other 
factor remaining the same. The usual manner of 
calculating the strain energy on the elastic model 
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is to apply some variation of the Morr-NaBarro®?) 
treatment for the elastic strain produced by a solid 
precipitate within a solid matrix to the limiting 
case when the second phase is one solute atom, or 
the solute atom and its immediate neighbors. 
Now, it is clear that there does exist in primary 
metallic solutions an effect associated with dis- 
parity in atom or ion sizes. The success of the 
Hume-Rothery ‘15°, rule’, the existence of the 
HUANG interpretable 
showing that the ions in a solid solution of alkali 
(40) 


various effects 8: 39) as 


halides or of metals®®) are not exactly on the 
lattice nodes, are strong indications that mixing 
atoms of dissimilar sizes leads to energy-rich 
survey of alkali metal 
binaries, such as that of Table 9, shows that there 


solid solutions. A the 


Table 9. Alkali metal binaries* 


Rb 


Insolubility in solid 


and liquid 
Insolubility in solid 
solubility in liquid 


Solubility in both 
solid and liquid 


Numbers the lattice 


1 ds 


are per cent disparities in 


( 
parameters, 100 
a 


AVE 


exists a correlation between disparity in atomic 
sizes and extent of solubility, since the larger 
the atom-size disparity the more restricted is the 
range of solubility. This seems to hold both for 
the solid and the liquid phases, although the 
effect is more marked for the solid solutions. 
Furthermore, that the difference between solid 
and liquid solutions is related to an atom-size 
disparity has been shown by Wacner;@ the 
quantity A(AG), equal to the free energy of 
formation of the solid solution (referred to its 
pure solid components) less the free energy of 
formation of the corresponding liquid solution 
(referred to its pure liquid components), varies 
roughly as the difference of the atomic radii. 
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atom-size were physically significant, that there would be 
| , 


found little or no correlation between the energe- 

of a solid solution and those of the correspond- 
ing liquid solution. However, from the limited 
amount of data available it would seem that the 
opposite is true. In the first place, the A(AG) 
values adduced by WaGner“! for binary alloys 
having melting point minima are relatively small 
quanti greater significance are the enthalpies 


ot tormation gathe red t cethei in Table 10. (The 


Table 10. Energetics of Solid and Liquid Solutions* 


1500 


10004 
2000, 1670 
(1650)/, 1800 


O00 } 


2400 


300 


1200 


i solid solution 
enthalpy of 


on trom its 


Mineral Research 
), June 15, 1956 


\ Ss by direct 


if Ag 


o—Si are included, 

ve measurements of AH, 

he phase diagrams is such 

large positive quantity in 

conclude that the energetics 

the alloy in either phase are similar 

would hough not identical. Hence, it is unreasonable to 
1solution, ribe al he interaction energy in the solid 
ar. One Ni solution by an elastic model, which has no 


liquid solution in which, 


same order of interac tion occurs. 
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The existence of a lattice does have an effect, 
measured by the (AH*—AHZ*) a quantity which 
has been termed!) the misfit energy of the solid 
solution, but it is a secondary effect only; the exist- 
ence of the lattice cannot be given the central 
role in determining the energetics of a solid 
alloy that the elastic model assumes, so that this 
model is physically unreasonable. 

What has been said above relates to the pheno- 
menology of the formation of primary metallic 
solutions. An argument of a more microscopic 
character is now presented to show that the reason- 
ing behind an elasticity theory calculation does 
not in general yield internally consistent results.* 

The accommodation of ion size disparity has 
essentially different aspects depending on whether 
the solute ion is larger or smaller than the solvent 
ion for which it is substituted. This is illustrated 
most readily in the following model. Let the 
solution energy be expressed as the sum of a term 
E, which is independent of lattice relaxation or 
ion compression and a term E,, which expresses 
the portion of the energy which depends on ion 
compression and/or lattice relaxation. In the 
any misfit solution 
energy £, is the same as E,. In terms of this some- 
what ill-defined separation of terms we wish to 
discuss the term E£,,,, ignoring FE). 

Now if the solute ion is larger than the space 


absence of energy £,,, the 


provided for the solvent ion it replaces, it is clear 
that the misfit accommodation will result in an 
increase of energy of the system of solute ion and 
solvent matrix since the net ion repulsion energy 
will be higher than in the absence of size disparity. 
In other words E,, is necessarily positive, and 
there is some justification for attempting to esti- 
mate its magnitude in terms of the fitting of a 
sphere of given size and elastic properties into a 
smaller hole in a medium of other elastic properties. 
But, if the ion is smaller than the space available 
to it, there is in the energy of the system before 
relaxation less ionic repulsion energy than if the 
sizes were equal. And so, before relaxation, the 
energy due to misfit is already negative. Relaxa- 
tion permits a still further reduction of the energy 
of the system. So in this case, even though there 
is a calculable ‘strain energy’, which of course is 


* The Author is indebted to Dr. E. W. Harr for 


this argument. 
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is necessarily negative because the 


positive, E,, 
net reduction in ionic repulsion energy is greater 
than the strain energy. 

The point of this discussion is to emphasize that 
the only part of the energy of solution which can 
be properly termed a misfit energy is that which 
arises from differences in ion core overlap, and 
that the long range strains, which are so readily 
calculable, are simply manifestations of relaxation 
and are themselves rather poorly defined fraction 
of the total It will be 
noted that whereas in the case of the larger solute 
atom the elastic model leads to a positive number 


accommodation energy. 


for E,,, in agreement with the physics of the solid 
solution, in the case of the smaller solute atom, 
instead 


the elastic model leads to a positive E£,, 
of to the negative E,,, necessitated by the absence 


of ionic repulsion. 

Therefore, it is concluded that the elastic model 
for the energetics of a solid primary solution is 
misleading and unfruitful. On the microscopic 
side, the picture of a solid solution as an assembly 
of rubber balls is unrealistic, as shown by the case 
of the small atom in the large vacancy. On the 
phenomenological side, it cannot critically be 
compared with experiment, and it gives undue 
prominence to the existence of a lattice. Actually, 
the rigidity of a lattice makes itself felt in the 
quantities A(AG) and A(AH). These reflect the 
slightly different nearest-neighbor distance and 
the somewhat different co-ordination number and 
average species distribution in the first-neighbor 
shell in a liquid versus a solid.“@”) They also con- 
tain an elastic free and energy term, 
respectively, for the long-range distortion of the 
lattice of the solid solution. Only this portion of the 


A(AG) and of the A(AA), that part far enough from 


the solute atom for Hooke’s Law to be obeyed, is 


energy 


in principle calculable from elasticity theory, is 
intrinsically a positive quantity, and is properly 
termed a strain energy. Furthermore, it may be 
said that if it is desired to single out an atom-size 
disparity as an energy parameter, a method of 
treatment must be found which is intrinsically 
applicable to both the solid and liquid alloys. 
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LETTERS 


The Hall constant of chromium and the transition 
at 38°C 


(Received 11 March 1957) 


IN an investigation into the properties of Cr 
especially in relation to the antiferromagnetic 
transition found by SHULL”) and the well known 
anomaly at about 38°C@) we have measured 
several properties of the metal in a temperature 
region including both these points. We have used 
strips of ductile chromium for these measure- 
ments that were kindly supplied by Dr. H. L. 
Wain of the Aeronautical Research Laboratories, 
Melbourne (Australia). In no case was an anomaly 
found near the temperature mentioned by SHULL. 
The elastic constant (measured at about 3 c/s) 
and the electrical resisitivity showed the same 
temperature dependence as found by others.® 
The internal friction showed no sharp peak at 
38°C but instead a drop to a lower value when 
coming from low temperatures. 

The result of a measurement of the Hall con- 
stant is given in the figure. The anomaly at 38°C 


shows up as a change in slope in the Ry versus T 


curve. Remarkable is the large change in magni- 
tude around this temperature. The sign corres- 














a 

t 
Fic. 1. The Hall constant of Cr. The strip used was 
prepared from arc melted electrolytic Cr containing 
0-02 per cent O, forged and swaged in steel sheeth at 
900°C. and rolled in air at 700°C, then ground and 
electropolished. After this it has been annealed at 
700°C in the presence of a uranium getter. The analysis 
performed for us by Dr. N. W. H. AppInx of the 
Philips Physical Laboratories, Eindhoven, showed the 
presence of < 0-015 per cent Fe, < 0-005 per cent Al, 
0-002 per cent Co, 0-001 per cent Mn, < 0-0009 per cent 
Si and < 0-0006 per cent Cu. The vertical bars give the 

spread of the measuring points. 
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ponds to positive charge carriers. Evaluated with 
a one carrier formula it gives a density varying 
from about 1 carrier per 7 to 1 per 3 atoms. 

A measurement of the magnetostriction in the 
neighbourhood of 38°C showed it to be always 
less than 2-10-8, 

We hope that these results will contribute 
towards understanding the complex behaviour of 
chromium metal. We are continuing measure- 
ments and hope to publish a full and detailed 
account later. 

This work is part of the research programme of 
the Research-group “Metalen F.O.M.—T.N.O.” 
of the Stichting voor Fundamenteel Onderzoek 
der Materie. 


G. DE VRIES 
G. W. RATHENAU 


University of Amsterdam 
Amsterdam, Netherlands 
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Optical properties of silicon carbide 
(Received 21 February 1957) 


FOLLOWING our previous report,“) measurements 
on the optical absorption and photoconductivity 
of silicon carbide were made over the wavelength 
range 220 my to 1,000 mu. 


Optical absorption 

Fig. 1 gives the transmission curves for silicon 
carbide single crystals with various impurity 
contents. Absorption begins abruptly at 450 mu 
and the absorption coefficient, K in cm-!, follows 


the relation (see Fig. 2) 


K ~ (v—yp,)? 


in the wavelength region between 450 mp and 
380 mp. Here », is the threshold frequency. 
Nothing is known of the band structure of silicon 
carbide, but if we suppose the absorption edge is 
band-to-band indirect transitions of 
then we may conclude that the 


due to 
electrons, ) 
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bound impurity states carrying a multiple charge. 
The continuously high K is attributed to over- 


lapping from different centres. 


Photoconductivity 

This phenomenon is divided into two parts 
associated with the surface and the bulk respect- 
ively. 

In our previous report™ the photodiode action 
of a metal—SiC point contact rectifier due to the 
surface potential change by illumination has been 
discussed. The present observations give the 
spectral sensitivity for this photocurrent. In Fig. 3 
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Fic. 3. Spectral sensitivity curve of SiC diode. 


this sensitivity is plotted against A, where the peak 
Photo- 


conductivity due to band-to-band transitions was 


current is observed around 800 mu. 
apparently brought out in the colourless sample 
(impurity concentration 101 cm-*). In_ this 
measurement, a super high pressure mercury 
lamp was used as a light source. Corresponding 
wave lengths are 430 my and 435 my with the 
use of suitable filters. The photocurrent observed 


was of the order of the dark current. 
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